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1
MASS SPECTROMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/784,130 filed Mar. 4, 2013 which is a con-
tinuation of U.S. patent application Ser. No. 13/157,021 filed
Jun. 9, 2011, now U.S. Pat. No. 8,389,933 which issued on
Mar. 5, 2013, which is a continuation of U.S. patent applica-
tion Ser. No. 12/373,204 which was filed on Jul. 9, 2007, now
U.S. Pat. No. 7,960,694 which issued on Jun. 14, 2011, which
is the National Stage of International Application No. PCT/
GB2007/002561, filed Jul. 9, 2007, which a) claims benefit of
and priority to U.S. Provisional Patent Application No.
60/913,897, filed on Apr. 25, 2007 and United Kingdom
Priority Application No. 0704923.2, filed Mar. 14,2007, b) is
a continuation in part of U.S. patent application Ser. No.
11/483,961 filed on Jul. 10, 2006, now U.S. Pat. No. 7,405,
401 which issued on Jul. 29, 2008, which is a continuation in
part of application No. PCT/GB2005/000050, filed on Jan.
10,2005 and claims benefit of and priority to U.S. provisional
application No. 60/701,466, filed on Jul. 21, 2005 and ¢) is a
continuation in part of application No. PCT/GB2006/
002728, filed on Jul. 21, 2006. The contents of these applica-
tions are expressly incorporated herein by reference in their
entirety.

BACKGROUND OF THE INVENTION

The present invention relates to a mass analyser and a
method of mass analysing ions.

It is often necessary to transfer ions from an ionisation
region of a mass spectrometer which may be maintained at a
relatively high pressure to a mass analyser which is main-
tained at a relatively low pressure. It is known to use one or
more Radio Frequency (RF) ion guides to transportions from
the ionisation region to the mass analyser. It is known to
operate the RF ion guides at intermediate pressures of about
107>-1 mbar.

It is also known that the time averaged force on a charged
particle or ion in the presence of an inhomogeneous AC or RF
electric field is such as to accelerate the charged particle or ion
to a region where the electric field is weaker. A minimum in
the electric field is commonly referred to as a pseudo-poten-
tial valley or well. Known RF ion guides exploit this phenom-
enon by arranging for a pseudo-potential valley or well to be
generated or created along the central axis of the RF ion guide
so that ions are radially confined centrally within the RF ion
guide.

Known RF ion guides are used as a means of efficiently
confining and transporting ions from one region to another.
The potential profile along the central axis of known RF ion
guides is substantially constant and as a result known RF ion
guides transport all ions with minimum delay and without
discrimination between ions of different species.

It is desired to provide an improved mass analyser.

SUMMARY OF THE INVENTION

According to an aspect of the present invention there is
provided a mass analyser comprising:

an ion guide comprising a plurality of electrodes;

means for applying a first AC or RE voltage having a first
frequency and a first amplitude to at least some of the plurality
of electrodes such that, in use, one or more axial time aver-
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2

aged or pseudo-potential barriers, corrugations or wells are
created along at least a portion of the axial length of the ion
guide;

means for applying a second AC or RF voltage having a
second frequency and a second amplitude to one or more of
the plurality of electrodes in order to confine ions radially in
use within the ion guide; and

means for driving or urging ions along and/or through at
least a portion of the axial length of the ion guide so thatin a
mode of operation ions having mass to charge ratios within a
first range exit the ion guide whilst ions having mass to charge
ratios within a second different range are axially trapped or
confined within the ion guide by the plurality of axial time
averaged or pseudo-potential barriers, corrugations or wells.

It should be understood that a mass analyser relates to a
device which separates ions according to their mass to charge
ratio and not some other property such as ion mobility or rate
of change of ion mobility with electric field strength.

The first frequency may be substantially different from the
second frequency. Alternatively, the first frequency may be
substantially the same as the second frequency.

The first frequency is preferably selected from the group
consisting of: (i) <100 kHz; (ii) 100-200 kHz; (iii) 200-300
kHz; (iv) 300-400 kHz; (v) 400-500 kHz; (vi) 0.5-1.0 MHz;
(vii) 1.0-1.5 MHgz; (viii) 1.5-2.0 Mhz; (ix) 2.0-2.5 MHz; (x)
2.5-3.0 MHz; (xi) 3.0-3.5 MHz; (xii) 3.5-4.0 MHz; (xiii)
4.0-4.5 MHz; (xiv) 4.5-5.0 MHz; (xv) 5.0-5.5 MHz; (xvi)
5.5-6.0 Mhz; (xvii) 6.0-6.5 MHz; (xviii) 6.5-7.0 MHz; (xix)
7.0-7.5 Mhz; (xx) 7.5-8.0 MHz; (xxi) 8.0-8.5 MHz; (xxii)
8.5-9.0 MHz; (xxiii) 9.0-9.5 MHz; (xxiv) 9.5-10.0 MHz; and
(xxv) >10.0 MHz. The second frequency is preferably
selected from the group consisting of: (i) <100 kHz; (ii)
100-200 kHz; (iii) 200-300 kHz; (iv) 300-400 kHz; (v) 400-
500 kHz; (vi) 0.5-1.0 MHz; (vii) 1.0-1.5 MHz; (viii) 1.5-2.0
MHz; (ix) 2.0-2.5 MHz; (x) 2.5-3.0 MHz; (xi) 3.0-3.5 MHz;
(xii) 3.5-4.0 MHz; (xiii) 4.0-4.5 MHz; (xiv) 4.5-5.0 MHz;
(xv) 5.0-5.5 MHz; (xvi) 5.5-6.0 MHz; (xvii) 6.0-6.5 Mhz;
(xviii) 6.5-7.0 Mhz; (xix) 7.0-7.5 MHz; (xx) 7.5-8.0 MHz;
(xxi) 8.0-8.5 MHz; (xxii) 8.5-9.0 MHz; (xxiii) 9.0-9.5 MHz;
(xxiv) 9.5-10.0 MHz; and (xxv) 10.0 MHz.

The first amplitude may be substantially different from the
second amplitude. Alternatively, the first amplitude may be
substantially the same as the second amplitude.

The first amplitude is preferably selected from the group
consisting of: (1) <50 V peak to peak; (ii) 50-100 V peak to
peak; (iii) 100-150 V peak to peak; (iv) 150-200 V peak to
peak; (v) 200-250 V peak to peak; (vi) 250-300 V peak to
peak; (vii) 300-350 V peak to peak; (viii) 350-400 V peak to
peak; (ix) 400-450 V peak to peak; (x) 450-500 V peak to
peak; and (xi) >500V peak to peak. The second amplitude is
preferably selected from the group consisting of: (i) <50 V
peak to peak; (i1) 50-100 'V peak to peak; (iii) 100-150V peak
to peak; (iv) 150-200 V peak to peak; (v) 200-250 V peak to
peak; (vi) 250-300 V peak to peak; (vii) 300-350 V peak to
peak; (viii) 350-400 V peak to peak; (ix) 400-450 V peak to
peak; (x) 450-500 V peak to peak; and (xi) >500 V peak to
peak.

The phase difference between the first AC or RF voltage
and the second AC or RF voltage is preferably selected from
the group consisting of: (1) 0-10°; (ii) 10-20°; (iii) 20-30°;
(iv) 30-40°; (v) 40-50°; (vi) 50-60°; (vii) 60-70°; (viii)
70-80°; (ix) 80-90°; (x) 90-100°; (xi) 100-110°; (xii) 110-
120°; (xii1) 120-130°; (xiv) 130-140°; (xv) 140-150°; (xvi)
150-160°; (xvii) 160-170°; (xviii) 170-180°; (xix) 180-190°;
(xx) 190-200°; (xxi) 200-210°; (xxii) 210-220°; (xxiii) 220-
230°; (xxiv) 230-240°; (xxv) 240-250°; (xxvi) 250-260°; (xx-
vii) 260-270°; (xxviii) 270-280°; (xxix) 280-290°; (xxx) 290-
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300°; (xxxi) 300-310°; (xxxii) 310-320°; (xxxiii) 320-330°;
(xxx1v) 330-340°; (xxxv) 340-350°; and (xxxvi) 350-360°.

The phase difference between the first AC or RF voltage
and the second AC or RF voltage may be selected from the
group consisting of: (1) 0°; (i) 90°; (iii) 180°; and (iv) 270°.

The ion guide preferably comprises a plurality of first
groups of electrodes, wherein each first group of electrodes
comprises at least1,2,3,4,5,6,7,8,9,10,11,12,13, 14,15,
16,17, 18,19 or 20 electrodes or a plurality of electrodes. The
ion guide preferably comprises m first groups of electrodes,
wherein m is selected from the group consisting of: (i) 1-10;
(1) 11-20; (ii1) 21-30; (iv) 31-40; (v) 41-50; (vi) 51-60; (vii)
61-70; (viii) 71-80; (ix) 81-90; (x) 91-100; and (xi) >100.
According to the preferred embodiment at least 1, 2, 3, 4, 5, 6,
7,8,9,10,11, 12, 13, 14,15, 16, 17, 18, 19 or 20 electrodes
or a plurality of electrodes in one or more or each first group
of electrodes are supplied with the same phase of the first AC
or RF voltage.

The axial length of at least 1%, 5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 95% or 100% of the first group
of electrodes is preferably selected from the group consisting
of: (1) <1 mat; (ii) 1-2 mm; (iii) 2-3 mm; (iv) 3-4 mm; (v) 4-5
ram; (vi) 5-6 mm; (vii) 6-7 mm; (viii) 7-8 mm; (ix) 8-9 mm;
(x) 9-10 mm; (xi) 10-11 mm; (xii) 11-12 mm; (xiii) 12-13
mm; (xiv) 13-14 mm; (xv) 14-15 mm; (xvi) 15-16 mm; (xvii)
16-17 mm; (xviii) 17-18 mm; (xix) 18-19 mm; (xx) 19-20
mm; and (xxi) >20 mm.

The axial spacing between at least 1%, 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 100% of the
first group of electrodes is preferably selected from the group
consisting of: (1) <1 mm; (i) 1-2 mm; (i) 2-3 mm; (iv) 3-4
mm; (v) 4-5 mm; (vi) 5-6 mm; (vii) 6-7 mm; (viii) 7-8 mm;
(ix) 8-9 mm; (x) 9-10 mm; (xi) 10-11 mm; (xii) 11-12 mm;
(xiii) 12-13 mm; (xiv) 13-14 mm; (xv) 14-15 mm; (xvi) 15-16
mm; (xvii) 16-17 mm; (xviii) 17-18 mm; (xix) 18-19 mm;
(xx) 19-20 mm; and (xxi) >20 mm.

According to an embodiment a regular periodic array of
axial pseudo-potential barriers, corrugations or wells is pref-
erably formed which preferably has the same periodicity as
the axial spacing between electrodes forming the ion guide.
However, more preferred embodiments are also contem-
plated Wherein the axial pseudo-potential barriers, corruga-
tions or wells may have a different periodicity.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have a minima
along the axial length of the ion guide which preferably
correspond with the middle or centre of the first groups of
electrodes.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have maxima along
the axial length of the ion guide located at axial locations
which preferably correspond with substantially 50% of the
axial distance or separation between first groups of elec-
trodes.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have minima and/or
maxima which are substantially the same height, depth or
amplitude for ions having a particular mass to charge ratio.
The minima and/or maxima preferably have a periodicity
which is substantially the same as the axial arrangement or
periodicity of the first groups of electrodes.

According to the preferred embodiment the ion guide pref-
erably comprises a plurality of second groups of electrodes,
wherein each second group of electrodes comprises at least 1,
2,3,4,5,6,7,8,9,10,11, 12,13, 14,15, 16,17, 18, 19 or 20
electrodes or a plurality of electrodes. The ion guide prefer-
ably comprises n second groups of electrodes, wherein n is
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4
selected from the group consisting of: (i) 1-10; (ii) 11-20; (iii)
21-30; (iv) 31-40; (v) 41-50; (vi) 51-60; (vii) 61-70; (viii)
71-80; (ix) 81-90; (x) 91-100; and (xi) >100.

Atleast1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16, 17,
18, 19 or 20 electrodes or a plurality of electrodes in one or
more or each second group of electrodes are preferably sup-
plied with the same phase of the second AC or RF voltage.

The axial length of at least 1%, 5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 95% or 100% of the second
group of electrodes is preferably selected from the group
consisting of: (1) <1 mm; (ii) 1-2 mm; (iil) 2-3 mm; (iv) 3-4
mm; (v) 4-5 mm; (vi) 5-6 mm; (vii) 6-7 mm; (viii) 7-8 mm;
(ix) 8-9 mm; (x) 9-10 mm; (xi) 10-11 mm; (xii) 11-12 mm;
(xiii) 12-13 mm; (xiv) 13-14 mm; (xv) 14-15 mm; (xvi) 15-16
mm; (xvii) 16-17 mm; (xviii) 17-18 mm; (xix) 18-19 mm;
(xx) 19-20 mm; and (xxi) >20 nm.

The axial spacing between at least 1%, 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 100% of the
second group of electrodes is preferably selected from the
group consisting of: (i) <1 mm; (i1) 1-2 mm; (iii) 2-3 mm; (iv)
3-4 mm; (v) 4-5 mm; (vi) 5-6 mm; (vii) 6-7 mm; (viii) 7-8
mm; (ix) 8-9 mm; (x) 9-10 mm; (xi) 10-11 mm; (xii) 11-12
mmy; (xiii) 12-13 mm; (xiv) 13-14 mm; (xv) 14-15 mm; (xvi)
15-16 mm; (xvii) 16-17 ram; (xviii) 17-18 mm; (xix) 18-19
mm; (xx) 19-20 mm; and (xxi) >20 mm.

According to the preferred embodiment axially adjacent
electrodes are supplied with opposite phases of the second AC
or RF voltage.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have a minima
along the axial length of the ion guide which preferably
correspond with the middle or centre of the second groups of
electrodes.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have maxima along
the axial length of the ion guide located at axial locations
which preferably correspond with substantially 50% of the
axial distance or separation between second groups of elec-
trodes.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably have minima and/or
maxima which are substantially the same height, depth or
amplitude for ions having a particular mass to charge ratio.
The minima and/or maxima preferably have a periodicity
which is substantially the same as the axial arrangement or
periodicity of the second groups of electrodes.

According to the preferred embodiment the first range is
preferably selected from the group consisting of: (i) <100; (ii)
100-200; (iii) 200-300; (iv) 300-400; (v) 400-500; (vi) 500-
600; (vil) 600-700; (viii) 700-800; (ix) 800-900; (x) 900-
1000; and (x1) >1000. The second range is preferably selected
from the group consisting of: (i) <100; (ii) 100-200; (iii)
200-300; (iv) 300-400; (v) 400-500; (vi) 500-600; (vii) 600-
700; (viii) 700-800; (ix) 800-900; (x) 900-1000; and
(xi) >1000.

The means for applying the first AC or RF voltage to at least
some of the plurality of electrodes is preferably arranged and
adapted to cause one or more axial time averaged or pseudo-
potential barriers, corrugations or wells to be created along at
least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95% or 100% of the axial length of the ion guide.

The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells are preferably created or pro-
vided along at least 1%, 5%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90%, 95% or 100% of the central longitu-
dinal axis of the ion guide.
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The one or more axial time averaged or pseudo-potential
barriers, corrugations or wells preferably extend at least r mm
in a radial direction away from the central longitudinal axis of
the ion guide, wherein r is selected from the group consisting
of: (1) <1; (1) 1-2; (iii) 2-3; (iv) 3-4; (v) 4-5; (vi) 5-6; (vii) 6-7;
(viii) 7-8; (ix) 8-9; (x) 9-10; and (xi) >10.

For ions having mass to charge ratios falling within a range
1-100, 100-200, 200-300, 300-400, 400-500, 500-600, 600-
700, 700-800, 800-900 or 900-1000 the amplitude, height or
depth of at least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 95% or 100% of the axial time averaged or
pseudo-potential barriers, corrugations or wells is preferably
selected from the group consisting of: (1) <0.1 V; (ii) 0.1-0.2
V; (iii) 0.2-0.3 V; (iv) 0.3-0.4 V; (v) 0.4-0.5 V; (vi) 0.5-0.6 V,
(vii) 0.6-0.7 V; (viii) 0.7-0.8 V; (ix) 0.8-0.9 V; (x) 0.9-1.0 V;
(xi) 1.0-1.5V; (xii) 1.5-2.0V; (xiii) 2.0-2.5V; (xiv) 2.5-3.0'V;
(xv)3.0-3.5V; (xv1) 3.5-4.0V; (xvii) 4.0-4.5V; (xviii) 4.5-5.0
V; (xix) 5.0-5.5 V; (xx) 5.5-6.0 V; (xxi) 6.0-6.5 V; (xxii)
6.5-7.0V; (xxiii) 7.0-7.5 V; (xxiv) 7.5-8.0 V; (xxv) 8.0-8.5V;
(xxvi) 8.5-9.0 V; (xxvii) 9.0-9.5 V; (xxviii) 9.5-10.0 V; and
(xxix) >10.0 V.

Atleast 1,2,3,4,5,6,7, 8,9 or 10 axial time averaged or
pseudo-potential barriers, corrugations or wells are prefer-
ably provided or created, in use, per cm along the axial length
of the ion guide.

According to the preferred embodiment the plurality of
electrodes comprises a plurality of electrodes having aper-
tures through which ions are transmitted in use. Preferably, at
least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95% or 100% of the electrodes have substantially cir-
cular, rectangular, square or elliptical apertures. Preferably, at
least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95% or 100% of the electrodes have apertures which are
substantially the same size or which have substantially the
same area. According to another embodiment at least 1%, 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or
100% of the electrodes have apertures which become pro-
gressively larger and/or smaller in size or in area in a direction
along the axis of the ion guide.

According to an embodiment at least 1%, 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 100% of the
electrodes have apertures having internal diameters or dimen-
sions selected from the group consisting of: (1) =1.0 mm; (ii)
=2.0 mm; (iii) =3.0 mm; (iv) =4.0 mm; (v) =5.0 mm; (vi) 6.0
mm; (vil) 7.0 mm; (viil) =8.0 mm; (ix) 9.0 mm; (x) <10.0
mm; and (xi) >10.0 mm. Preferably, at least 1%, 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 100%
of'the electrodes are spaced apart from one another by an axial
distance selected from the group consisting of: (i) less than or
equal to 5 mm; (i1) less than or equal to 4.5 mm; (iii) less than
or equal to 4 mm; (iv) less than or equal to 3.5 mm; (v) less
than or equal to 3 mm; (vi) less than or equal to 2.5 ram; (vii)
less than or equal to 2 mm; (viii) less than or equalto 1.5 mm;
(ix) less than or equal to 1 mm; (X) less than or equal to 0.8
mm; (Xi) less than or equal to 0.6 mm; (xii) less than or equal
to 0.4 mm; (xiii) less than or equal to 0.2 mm; (xiv) less than
or equal to 0.1 mm; and (xv) less than or equal to 0.25 mm.

According to the preferred embodiment at least some of the
plurality of electrodes comprise apertures and wherein the
ratio of the internal diameter or dimension of the apertures to
the centre-to-centre axial spacing between adjacent elec-
trodes is selected from the group consisting of: (i) <1.0; (ii)
1.0-1.2; (iii) 1.2-1.4; (iv) 1.4-1.6; (v) 1.6-1.8; (vi) 1.8-2.0;
(vii) 2.0-2.2; (viii) 2.2-2.4; (ix) 2.4-2.6; (x) 2.6-2.8; (xi) 2.8-
3.0; (xii) 3.0-3.2; (xiii) 3.2-3.4; (xiv) 3.4-3.6; (xv) 3.6-3.8;
(xvi) 3.8-4.0; (xvii) 4.0-4.2; (xviii) 4.2-4.4; (xix) 4.4-4.6; (xX)
4.6-4.8; (xxi) 4.8-5.0; and (xxii) >5.0.
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At least 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 95% or 100% of the electrodes preferably have a
thickness or axial length selected from the group consisting
of: (i) less than or equal to 5 mm; (ii) less than or equal to 4.5
mm; (iii) less than or equal to 4 rain; (iv) less than or equal to
3.5 mm; (v) less than or equal to 3 mm; (vi) less than or equal
to 2.5 mm; (vii) less than or equal to 2 mmy; (viii) less than or
equal to 1.5 mm; (ix) less than or equal to 1 mm; (x) less than
or equal to 0.8 mm; (xi) less than or equal to 0.6 mm; (xii) less
than or equal to 0.4 mmy; (xiii) less than or equal to 0.2 mm;
(xiv) less than or equal to 0.1 mm; and (xv) less than or equal
to 0.25 mm.

According to another embodiment the ion guide may com-
prise a segmented rod set ion guide. The ion guide may
comprise, for example, a segmented quadrupole, hexapole or
octapole ion guide or an ion guide comprising more than eight
segmented rod sets. The ion guide may comprise a plurality of
electrodes having a cross-section selected from the group
consisting of: (i) approximately or substantially circular
cross-section; (ii) approximately or substantially hyperbolic
surface; (iil) an arcuate or part-circular cross-section; (iv) an
approximately or substantially rectangular cross-section; and
(v) an approximately or substantially square cross-section.

According to another embodiment the ion guide may com-
prise a plurality of groups of electrodes, wherein the groups of
electrodes are axially spaced along the axial length of the ion
guide and wherein each group of electrodes comprises a
plurality of plate electrodes. Each group of electrodes pref-
erably comprises a first plate electrode and a second plate
electrode, wherein the first and second plate electrodes are
arranged substantially in the same plane and are arranged
either side of the central longitudinal axis of the ion guide.

According to this embodiment means for applying a DC
voltage or potential to the first and second plate electrodes in
order to confine ions in a first radial direction within the ion
guide is preferably provided.

Each group of electrodes preferably further comprises a
third plate electrode and a fourth plate electrode, wherein the
third and fourth plate electrodes are preferably arranged sub-
stantially in the same plane as the first and second plate
electrodes and are arranged either side of the central longitu-
dinal axis of the ion guide in a different orientation to the first
and second plate electrodes.

The means for applying a second AC or RF voltage is
preferably arranged to apply the second AC or RF voltage to
the third and fourth plate electrodes in order to confine ions in
a second radial direction within the ion guide which is pref-
erably orthogonal to the first radial direction.

The means for applying the first AC or RF voltage is pref-
erably arranged to apply the first AC or RF voltage to at least
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or
100% of the plurality of electrodes.

The means for applying the second AC or RF voltage is
preferably arranged to apply the second AC or RF voltage to
at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
95% or 100% of the plurality of electrodes.

The ion guide preferably has a length selected from the
group consisting of: (1) <20 mm; (i) 20-40 mm; (iii) 40-60
mm; (iv) 60-80 mm; (v) 80-100 mm; (vi) 100-120 mm; (vii)
120-140 mm; (viii) 140-160 mm; (ix) 160-180 mm; (x) 180-
200 mm; and (xi) >200 mm.

According to the preferred embodiment the ion guide com-
prises at least: (i) 10-20 electrodes; (ii) 20-30 electrodes; (iii)
30-40 electrodes; (iv) 40-50 electrodes; (v) 50-60 electrodes;
(vi) 60-70 electrodes; (vii) 70-80 electrodes; (viii) 80-90 elec-
trodes; (ix) 90-100 electrodes; (x) 100-110 electrodes; (xi)



US 9,312,118 B2

7
110-120 electrodes; (xii) 120-130 electrodes; (xiii) 130-140
electrodes; (xiv) 140-150 electrodes; or (xv) >150 electrodes.

According to an embodiment the means for driving or
urging ions comprises means for generating a linear axial DC
electric field along at least 1%, 5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 95% or 100% of the ion guide.

According to an embodiment the means for driving or
urging ions comprises means for generating a non-linear or
stepped axial DC electric field along at least 1%, 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or 100%
of the ion guide.

The mass analyser preferably further comprises means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
ordecrease in a stepped, progressive or other manner the axial
DC electric field.

According to an embodiment the means for driving or
urging ions preferably comprises means for applying a mul-
tiphase AC or RF voltage to at least 1%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, 95% or 100% of the
electrodes.

According to an embodiment the means for driving or
urging ions comprises gas flow means which is arranged in
use to drive or urge ion along and/or through at least a portion
of'the axial length of the ion guide by gas flow or differential
pressure effects.

According to the preferred embodiment the means for driv-
ing or urging ions comprises means for applying one or more
transient DC voltages or potentials or one or more DC voltage
or potential waveforms to at least 1%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, 95% or 100% of the
electrodes. The one or more transient DC voltages or poten-
tials or one or more DC voltage or potential waveforms pref-
erably create one or more potential hills, barriers or wells. The
one or more transient DC voltage or potential waveforms
preferably comprise a repeating waveform or square wave.

A plurality of axial DC potential hills, barriers or wells are
preferably translated along the length of the ion guide or a
plurality of transient DC potentials or voltages are preferably
progressively applied to electrodes along the axial length of
the ion guide.

The mass analyser preferably further comprises first means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
amplitude, height or depth of the one or more transient DC
voltages or potentials or the one or more DC voltage or
potential waveforms.

The first means is preferably arranged and adapted to pro-
gressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the amplitude, height or depth of
the one or more transient DC voltages or potentials or the one
or more DC voltage or potential waveforms by x, Volts over
a time period t;. Preferably, x, is selected from the group
consisting of: (i) <0.1 V; (i) 0.1-0.2 V; (iii) 0.2-0.3 V; (iv)
0.3-0.4V; (v) 0.4-0.5 V; (vi) 0.5-0.6 V; (vii) 0.6-0.7 V; (viii)
0.7-0.8 V; (ix) 0.8-0.9 V; (x) 0.9-1.0 V; (xi) 1.0-1.5 V; (xii)
1.5-2.0 V; (xiii) 2.0-2.5 V; (xiv) 2.5-3.0 V; (xv) 3.0-3.5 V;
(xvi) 3.5-4.0 V; (xvii) 4.0-4.5 V; (xviii) 4.5-5.0 V; (xix) 5.0-
5.5V; (xx) 5.5-6.0V; (xxi) 6.0-6.5 V; (xxii) 6.5-7.0 V; (xxiii)
7.0-7.5 (xxiv) 7.5-8.0 V; (xxv) 8.0-8.5 V; (xxvi) 8.5-9.0 V;
(xxvii) 9.0-9.5 V; (xxviii) 9.5-10.0 V; and (xxix) >10.0 V.
Preferably, t, is selected from the group consisting of: (i) <1
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ms; (ii) 1-10 ms; (iii) 10-20 ms; (iv) 20-30 ms; (v) 30-40 ms;
(vi) 40-50 ms; (vii) 50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms;
(x) 80-90 ms; (xi) 90-100 ms; (xii) 100-200 ms; (xiii) 200-300
ms; (xiv) 300-400 ms; (xv) 400-500 ms; (xvi) 500-600 ms;
(xvii) 600-700 ms; (xviii) 700-800 ms; (xix) 800-900 ms;
(xx) 900-1000 ms; (xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (XX1v)
4-5s; and (xxv) >5's.

The mass analyser preferably further comprises second
means arranged and adapted to progressively increase, pro-
gressively decrease, progressively vary, scan, linearly
increase, linearly decrease, increase in a stepped, progressive
or other manner or decrease in a stepped, progressive or other
manner the velocity or rate at which the one or more transient
DC voltages or potentials or the one or more DC potential or
voltage waveforms are applied to the electrodes.

The second means is preferably arranged and adapted pro-
gressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the velocity or rate at which the
one or more transient DC voltages or potentials or the one or
more DC voltage or potential waveforms are applied to the
electrodes by x, m/s over a time period t,. Preferably, x, is
selected from the group consisting of: (1) <1; (ii) 1-2; (ii) 2-3;
(iv) 3-4; (v) 4-5; (vi) 5-6; (vii) 6-7; (viil) 7-8; (ix) 8-9; (x)
9-10; (xi) 10-11; (xii) 11-12; (xiii) 12-13; (xiv) 13-14; (xv)
14-15; (xvi) 15-16; (xvii) 16-17; (xviii) 17-18; (xix) 18-19;
(xx) 19-20; (xxi) 20-30; (xxii) 30-40; (xxiii) 40-50; (xxiv)
50-60; (xxv) 60-70; (xxvi) 70-80; (xxvii) 80-90; (xxviii)
90-100; (xxix) 100-150; (xxx) 150-200; (xxxi) 200-250;
(xxxii) 250-300; (xxxiii) 300-350; (xxxiv) 350-400; (xxxv)
400-450; (xxxvi) 450-500; and (xxxvii) >500. Preferably, t, is
selected from the group consisting of: (i) <1 ms; (ii) 1-10 ms;
(iii) 10-20 ms; (iv) 20-30 ms; (v) 30-40 ms; (vi) 40-50 ms;
(vii) 50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms; (x) 80-90 ms;
(xi) 90-100 ms; (xii) 100-200 ms; (xiii) 200-300 ms; (Xiv)
300-400 ms; (xv) 400-500 ms; (xvi) 500-600 ms; (xvii) 600-
700 ms; (xviii) 700-800 ms; (xix) 800-900 ms; (xx) 900-1000
ms; (xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (xxiv) 4-5 s; and
(xxv) >5 s.

The mass analyser preferably comprises third means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
amplitude of the first AC or RF voltage applied to the elec-
trodes.

The third means is preferably arranged and adapted to
progressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the amplitude of the first AC or
RF voltage by x5 Volts over a time period t;. Preferably, x5 is
selected from the group consisting of: (i) 50 V peak to peak;
(1) 50-100 V peak to peak; (iii) 100-150 V peak to peak; (iv)
150-200 V peak to peak; (v) 200-250 V peak to peak; (vi)
250-300V peak to peak; (vii) 300-350 V peak to peak; (viii)
350-400 V peak to peak; (ix) 400-450 V peak to peak; (x)
450-500 V peak to peak; and (xi) >500 V peak to peak.
Preferably, t; is selected from the group consisting of: (i) <1
ms; (ii) 1-10 ms; (iii) 10-20 ms; (iv) 20-30 ms; (v) 30-40 ms;
(vi) 40-50 ms; (vii) 50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms;
(x) 80-90 ms; (xi) 90-100 ms; (xii) 100-200 ms; (xiii) 200-300
ms; (xiv) 300-400 ms; (xv) 400-500 ms; (xvi) 500-600 ms;
(xvii) 600-700 ms; (xviii) 700-800 ms; (xix) 800-900 ms;
(xx) 900-1000 ms; (xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (XX1v)
4-5s; and (xxv) >5's.
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The mass analyser preferably comprises fourth means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
frequency of the first RF or AC voltage applied to the elec-
trodes.

The fourth means is preferably arranged and adapted to
progressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the frequency of the first RF or
AC voltage applied to the electrodes by x, Mhz over a time
period t,. Preferably, x,, is selected from the group consisting
of: (1) <100 kHz; (ii) 100-200 kHz; (iii) 200-300 kHz; (iv)
300-400 kHz; (v) 400-500 kHz; (vi) 0.5-1.0 MHz; (vii) 1.0-
1.5 MHz; (viii) 1.5-2.0 MHz; (ix) 2.0-2.5 MHz; (x) 2.5-3.0
MHz; (xi) 3.0-3.5 MHz; (xii) 3.5-4.0 MHz; (xiii) 4.0-4.5
Mhz; (xiv) 4.5-5.0 MHz; (xv) 5.0-5.5 MHz; (xvi) 5.5-6.0
Mhz; (xvii) 6.0-6.5 MHz; (xviii) 6.5-7.0 MHz; (xix) 7.0-7.5
MHz; (xx) 7.5-8.0 MHz; (xxi) 8.0-8.5 MHz; (xxii) 8.5-9.0
MHz; (xxiii) 9.0-9.5 MHz; (xxiv) 9.5-10.0 MHz; and (xxv)
>10.0 MHz. Preferably, t, is selected from the group consist-
ing of: (1) <1 ms; (ii) 1-10 ms; (iii) 10-20 ms; (iv) 20-30 ms;
(v) 30-40 ms; (vi) 40-50 ms; (vii) 50-60 ms; (viii) 60-70 ms;
(ix) 70-80 ms; (x) 80-90 ms; (xi) 90-100 ms; (xii) 100-200
ms; (xiii) 200-300 ms; (xiv) 300-400 ms; (xv) 400-500 ms;
(xvi) 500-600 ms; (xvii) 600-700 ms; (xviii) 700-800 ms;
(xix) 800-900 ms; (xx) 900-1000 ms; (xx1) 1-2 s; (xxii) 2-3 s;
(xxiii) 3-4 s; (xxiv) 4-5 s; and (xxv) >5 s.

The mass analyser preferably comprises fifth means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
amplitude of the second AC or RF voltage applied to the
electrodes.

The fifth means is preferably arranged and adapted to pro-
gressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the amplitude of the second AC
or RF voltage by x5 Volts over a time period Preferably, x5 is
selected from the group consisting of: (i) <50V peak to peak;
(i1) 50-100 V peak to peak; (iii) 100-150 V peak to peak; (iv)
150-200 V peak to peak; (v) 200-250 V peak to peak; (vi)
250-300V peak to peak; (vii) 300-350 V peak to peak; (viii)
350-400 V peak to peak; (ix) 400-450 V peak to peak; (x)
450-500 V peak to peak; and (xi) >500 V peak to peak.
Preferably, t5 is selected from the group consisting of: (i) <1
ms; (ii) 1-10 ms; (iii) 10-20 ms; (iv) 20-30 ms; (v) 30-40 ms;
(vi) 40-50 ms; (vii) 50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms;
(%) 80-90 ms; (xi) 90-100 ms; (xii) 100-200 ms; (xiii) 200-300
ms; (xiv) 300-400 ms; (xv) 400-500 ms; (xvi) 500-600 ms;
(xvii) 600-700 ms; (xviii) 700-800 ms; (xix) 800-900 ms;
(xx) 900-1000 ms; (xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (XX1Vv)
4-5s; and (xxv) >5's.

The mass analyser preferably further comprises sixth
means arranged and adapted to progressively increase, pro-
gressively decrease, progressively vary, scan, linearly
increase, linearly decrease, increase in a stepped, progressive
or other manner or decrease in a stepped, progressive or other
manner the frequency of the second RF or AC voltage applied
to the electrodes.

The sixth means is preferably arranged and adapted to
progressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
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stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the frequency of the second RF
or AC voltage applied to the electrodes by x, MHz over a time
period t,. Preferably, x, is selected from the group consisting
of: (1) <100 kHz; (ii) 100-200 kHz; (iii) 200-300 kHz; (iv)
300-400 kHz; (v) 400-500 kHz; (vi) 0.5-1.0 MHz; (vii) 1.0-
1.5 MHz; (viii) 1.5-2.0 MHz; (ix) 2.0-2.5 MHz; (x) 2.5-3.0
MHz; (xi) 3.0-3.5 MHz; (xii) 3.5-4.0 MHz; (xiii) 4.0-4.5
MHz; (xiv) 4.5-5.0 MHz; (xv) 5.0-5.5 MHz; (xvi) 5.5-6.0
MHz; (xvii) 6.0-6.5 MHz; (xviii) 6.5-7.0 MHz; (xix) 7.0-7.5
MHz; (xx) 7.5-8.0 MHz; (xxi) 8.0-8.5 MHz; (xxii) 8.5-9.0
MHz; (xxiii) 9.0-9.5 MHz; (xxiv) 9.5-10.0 MHz; and (xxv)
10.0 MHz, Preferably, t5 is selected from the group consisting
of: (i) <1 ms; (ii) 1-10 ms; (iil) 10-20 ms; (iv) 20-30 ms; (v)
30-40 ms; (vi) 40-50 ms; (vii) 50-60 ms; (viii) 60-70 ms; (ix)
70-80 ms; (x) 80-90 ms; (xi) 90-100 ms; (xii) 100-200 ms;
(xiii) 200-300 ms; (xiv) 300-400 ms; (xv) 400-500 ms; (xvi)
500-600 ms; (xvii) 600-700 ms; (xviii) 700-800 ms; (xix)
800-900 ms; (xx) 900-1000 ms; (xxi) 1-2 s; (xxii) 2-3 s;
(xxiii) 3-4 s; (xxiv) 4-5 s; and (xxv) >5 s.

According to an embodiment the mass analyser may fur-
ther comprise seventh means arranged and adapted to pro-
gressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the amplitude of a DC voltage or
potential applied to at least some of the electrodes of the ion
guide and which acts to confine ions in a radial direction
within the ion guide.

The seventh means is preferably arranged and adapted to
progressively increase, progressively decrease, progressively
vary, scan, linearly increase, linearly decrease, increase in a
stepped, progressive or other manner or decrease in a stepped,
progressive or other manner the amplitude of the DC voltage
or potential applied to the at least some electrodes by x, Volts
over a time period t,. Preferably, x, is selected from the group
consisting of: (1) <0.1 (i1) 0.1-0.2 V; (1i1) 0.2-0.3 V; (iv) 0.3-0.4
V; (v)0.4-0.5V; (vi) 0.5-0.6 V; (vii) 0.6-0.7 V; (viii) 0.7-0.8 V;
(ix) 0.8-0.9 V; (x) 0.9-1.0V; (xi) 1.0-1.5 V; (xii) 1.5-2.0 V;
(xiii) 2.0-2.5V; (xiv) 2.5-3.0V; (xv) 3.0-3.5 V; (xvi) 3.5-4.0
V; (xvii) 4.0-4.5 V; (xviii) 4.5-5.0 V; (xix) 5.0-5.5 (xx) 5.5-6.0
V; (xx1) 6.0-6.5 V; (xxii) 6.5-7.0 V; (xxiii) 7.0-7.5 V; (xxiv)
7.5-8.0V; (xxv) 8.0-8.5V; (xxvi) 8.5-9.0 V; (xxvii) 9.0-9.5V;
(xxviii) 9.5-10.0 V; and (xxix) >10.0 V. Preferably, t, is
selected from the group consisting of: (i) <1 ms; (ii) 1-10 ms;
(iii) 10-20 ms; (iv) 20-30 ms; (v) 30-40 ms; (vi) 40-50 ms;
(vii) 50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms; (x) 80-90 ms;
(xi) 90-100 ms; (xii) 100-200 ms; (xiii) 200-300 ms; (Xiv)
300-400 ms; (xv) 400-500 ms; (xvi) 500-600 ms; (xvii) 600-
700 ms; (xviii) 700-800 ms; (xix) 800-900 ms; (xx) 900-1000
ms; (xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (xxiv) 4-5 s; and
(xxv) >5 s.

According to an embodiment the mass analyser may fur-
ther comprise means arranged and adapted to progressively
increase, progressively decrease, progressively vary, scan,
linearly increase, linearly decrease, increase in a stepped,
progressive or other manner or decrease in a stepped, pro-
gressive or other manner the amplitude of the first RF or AC
voltage applied to the electrodes in tandem with the amplitude
of'the second RF or AC voltage applied to the electrodes.

The mass analyser may further comprise means arranged
and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
frequency of the first RF or AC voltage applied to the elec-
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trodes in tandem with the frequency of the second RF or AC
voltage applied to the electrodes.

The mass analyser may further comprise means arranged
and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
phase difference between the first RF or AC voltage applied to
the electrodes and the second RF or AC voltage applied to the
electrodes.

According to an embodiment the mass analyser further
comprises means for maintaining in a mode of operation the
ion guide at a pressure selected from the group consisting of:
(1) 1.0x10~! mbar; (ii) <1.0x1072 mbar; (iii) <1.0x10~> mbar;
and (iv) <1.0x10~* mbar, According to an embodiment the
mass analyser further comprises means for maintaining in a
mode of operation the ion guide at a pressure selected from
the group consisting of: (i) >1.0x107> mbar; (ii) >1.0x1072
mbar; (iii) >1.0x107" mbar; (iv) >1 mbar; (v) >10 mbar;
(vi)>100 mbar; (vii) >5.0x107> mbar; (viii) >5.0x10~> mbar;
(ix) 107*-10~> mbar; (x) 1073-1072 mbar; and (xi) 1072-107!
mbar.

According to an embodiment the mass analyser further
comprises means arranged and adapted to progressively
increase, progressively decrease, progressively vary, scan,
linearly increase, linearly decrease, increase in a stepped,
progressive or other manner or decrease in a stepped, pro-
gressive or other manner the gas flow through the ion guide.

In a mode of operation ions are arranged to exit the mass
analyser substantially in reverse order of mass to charge ratio
so that ions having a relatively high mass to charge ratio exit
the mass analyser prior to ions having a relatively low mass to
charge ratio.

In a mode of operation ions are preferably arranged to be
trapped but are not substantially fragmented within the ion
guide.

According to an embodiment the mass analyser further
comprises means for collisionally cooling or substantially
thermalising ions within the ion guide.

According to an embodiment the mass analyser further
comprises means for substantially fragmenting ions within
the ion guide in a mode of operation.

The mass analyser preferably further comprises one or
more electrodes arranged at the entrance and/or exit of the ion
guide, wherein in a mode of operation ions are pulsed into
and/or out of the ion guide.

The mass analyser preferably has a cycle time selected
from the group consisting of: (i) <1 ms; (i) 1-10 ms; (iii)
10-20 ms; (iv) 20-30 ms; (v) 30-40 ms; (vi) 40-50 ms; (vii)
50-60 ms; (viii) 60-70 ms; (ix) 70-80 ms; (x) 80-90 ms; (xi)
90-100 ms; (xii) 100-200 ms; (xiii) 200-300 ms; (xiv) 300-
400 ms; (xv) 400-500 ms; (xvi) 500-600 ms; (xvii) 600-700
ms; (xviii) 700-800 ms; (xix) 800-900 ms; (xx) 900-1000 ms;
(xxi) 1-2 s; (xxii) 2-3 s; (xxiii) 3-4 s; (xxiv) 4-5 s; and
(xxv) >5s.

According to another aspect of the present invention there
is provided a mass spectrometer comprising a mass analyser
as described above.

The mass spectrometer preferably further comprises an ion
source selected from the group consisting of: (i) an Electro-
spray ionisation (“ESI”) ion source; (ii) an Atmospheric Pres-
sure Photo Ionisation (“APPI”) ion source; (iii) an Atmo-
spheric Pressure Chemical lonisation (“APCI”) ion source;
(iv) a Matrix Assisted Laser Desorption Ionisation
(“MALDI”) ion source; (v) a Laser Desorption lonisation
(“LDI”) ion source; (vi) an Atmospheric Pressure lonisation
(“APT”) ion source; (vii) a Desorption Ionisation on Silicon
(“DIOS”) ion source; (viii) an Electron Impact (“EI”) ion
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source; (ix) a Chemical Ionisation (“CI”) ion source; (x) a
Field Ionisation (“FI”) ion source; (xi) a Field Desorption
(“FD”) ion source; (xii) an Inductively Coupled Plasma
(“ICP”)ion source; (xiii) a Fast Atom Bombardment (“FAB”)
ion source; (xiv) a Liquid Secondary Ion Mass Spectrometry
(“LSIMS”) ion source; (xv) a Desorption Electrospray Ioni-
sation (“DESI”) ion source; (xvi) a Nickel-63 radioactive ion
source; and (xvii) a Thermospray ion source.

The ion source may comprise a continuous or pulsed ion
source.

The mass spectrometer may further comprise one or more
mass filters arranged upstream and/or downstream of the
mass analyser. The one or more mass filters may be selected
from the group consisting of: (i) a quadrupole rod set mass
filter; (ii) a Time of Flight mass filter or mass analyser; (iii) a
Wein filter; and (iv) a magnetic sector mass filter or mass
analyser.

The mass spectrometer may comprise one or more second
ion guides or ion traps arranged upstream and/or downstream
of'the mass analyser.

The one or more second ion guides or ion traps may be
selected from the group consisting of:

(1) a multipole rod set or a segmented multipole rod set ion
guide or ion trap comprising a quadrupole rod set, a hexapole
rod set, an octapole rod set or a rod set comprising more than
eight rods;

(i) an ion tunnel or ion funnel ion guide or ion trap com-
prising a plurality of electrodes or at least 2, 5, 10, 20, 30, 40,
50, 60, 70, 80, 90 or 100 electrodes having apertures through
which ions are transmitted in use, wherein at least 1%, 5%,
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or 100% of the
electrodes have apertures which are of substantially the same
size or area or which have apertures which become progres-
sively larger and/or smaller in size or in area;

(iii) a stack or array of planar, plate or mesh electrodes,
wherein the stack or array of planar, plate or mesh electrodes
comprises a plurality or atleast 2,3, 4, 5,6,7,8,9,10,11,12,
13,14,15,16,17,18, 19 or 20 planar, plate or mesh electrodes
or at least 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,
95% or 100% of the planar, plate or mesh electrodes are
arranged generally in the plane in which ions travel in use; and

(iv) an ion trap or ion guide comprising a plurality of
groups of electrodes arranged axially along the length of the
ion trap or ion guide, wherein each group of electrodes com-
prises: (a) a first and a second electrode and means for apply-
ing a DC voltage or potential to the first and second electrodes
in order to confine ions in a first radial direction within the ion
guide; and (b) a third and a fourth electrode and means for
applying an AC or RF voltage to the third and fourth elec-
trodes in order to confine ions in a second radial direction
within the ion guide.

The second ion guide or ion trap may comprise an ion
tunnel or ion funnel ion guide or ion trap and wherein at least
1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or 100%
of the electrodes have internal diameters or dimensions
selected from the group consisting of: (i) <1.0 mm; (ii) 2.0
mm; (ii1) 3.0 mm; (iv) =4.0 mm; (v) <5.0 mm; (vi) 6.0 mm;
(vii) 7.0 mm; (viii) =8.0 mm; (ix) 9.0 mm; (x) =10.0 mm;
and (xi) >10.0 mm.

The second ion guide or ion trap may further comprise
second ion guide AC or RF voltage means arranged and
adapted to apply an AC or RP voltage to atleast 1%, 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95% or 100% of the
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plurality of electrodes of the second ion guide or ion trap in
order to confine ions radially within the second ion guide or
ion trap.

The second ion guide or ion trap may be arranged and
adapted to receive a beam or group of ions from the mass
analyser and to convert or partition the beam or group of ions
such that at least 1, 2,3, 4,5,6,7,8,9,10,11, 12, 13, 14, 15,
16, 17, 18, 19 or 20 separate packets of ions are confined
and/or isolated within the second ion guide or ion trap at any
particular time, and wherein each packet of ions is separately
confined and/or isolated in a separate axial potential well
formed in the second ion guide or ion trap.

The mass spectrometer may further comprise means
arranged and adapted to urge at least some ions upstream
and/or downstream through or along at least 1%, 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95% or 100% of the axial
length of the second ion guide or ion trap in a mode of
operation.

According to an embodiment the mass spectrometer may
further comprise transient DC voltage means arranged and
adapted to apply one or more transient DC voltages or poten-
tials or one or more transient DC voltage or potential wave-
forms to the electrodes forming the second ion guide or ion
trap in order to urge at least some ions downstream and/or
upstream along at least 1%, 5%, 10%, 15%, 20%, 25%, 30%,
35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, 90%, 95% or 100% of'the axial length of the second ion
guide or ion trap.

According to an embodiment the mass spectrometer may
comprise AC or RE voltage means arranged and adapted to
apply two or more phase-shifted AC or RE voltages to elec-
trodes forming the second ion guide or ion trap in order to
urge at least some ions downstream and/or upstream along at
least 1%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or
100% of the axial length of the second ion guide or ion trap.

The mass spectrometer may comprise means arranged and
adapted to maintain at least a portion of the second ion guide
orion trap at a pressure selected from the group consisting of:
(1)>0.0001 mbar; (i1) >0.001 mbar; (iii) >0.01 mbar; (iv) >0.1
mbar; (v) >1 mbar; (vi) >10 mbar; (vii) >1 mbar; (viii)
0.0001-100 mbar; and (ix) 0.001-10 mbar.

The mass spectrometer may further comprise a collision,
fragmentation or reaction device arranged and adapted to
fragment ions by Collision induced Dissociation (“CID”).
According to another embodiment the mass spectrometer
may comprise a collision, fragmentation or reaction device
selected from the group consisting of: (i) a Surface Induced
Dissociation (“SID”) fragmentation device; (ii) an Electron
Transfer Dissociation fragmentation device; (iii) an Electron
Capture Dissociation fragmentation device; (iv) an Electron
Collision or Impact Dissociation fragmentation device; (v) a
Photo Induced Dissociation (“PID”) fragmentation device;
(vi) a Laser Induced Dissociation fragmentation device; (vii)
an infrared radiation induced dissociation device; (viii) an
ultraviolet radiation induced dissociation device; (ix) a
nozzle-skimmer interface fragmentation device; (x) an in-
source fragmentation device; (xi) an ion-source Collision
Induced Dissociation fragmentation device; (xii) a thermal or
temperature source fragmentation device; (xiii) an electric
field induced fragmentation device; (xiv) a magnetic field
induced fragmentation device; (xv) an enzyme digestion or
enzyme degradation fragmentation device; (xvi) an ion-ion
reaction fragmentation device; (xvii) an ion-molecule reac-
tion fragmentation device; (xviii) an ion-atom reaction frag-
mentation device; (xix) an ion-metastable ion reaction frag-
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mentation device; (xx) an ion-metastable molecule reaction
fragmentation device; (xxi) an ion-metastable atom reaction
fragmentation device; (xxii) an ion-ion reaction device for
reacting ions to form adduct or product ions; (xxiii) an ion-
molecule reaction device for reacting ions to form adduct or it
product ions; (xxiv) an ion-atom reaction device for reacting
ions to form adduct or product ions; (xxv) an ion-metastable
ion reaction device for reacting ions to form adduct or product
ions; (xxvi) an ion-metastable molecule reaction device for
reacting ions to form adduct or product ions; and (xxvii) an
ion-metastable atom reaction device for reacting ions to form
adduct or product ions.

The mass spectrometer may further comprise means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
or decrease in a stepped, progressive or other manner the
potential difference between the mass analyser and the colli-
sion, fragmentation or reaction cell during or over the cycle
time of the preferred mass analyser.

According to an embodiment the mass spectrometer may
further comprise a further mass analyser arranged down-
stream of the preferred mass analyser. The further mass
analyser may be selected from the group consisting of: (i) a
Fourier Transform (“F1°’) mass analyser; (ii) a Fourier Trans-
form Ion Cyclotron Resonance (“FTICR”) mass analyser;
(iii) a Time of Flight (“TOFF”) mass analyser; (iv) an
orthogonal acceleration Time of Flight (“oaTOF”) mass
analyser; (v) an axial acceleration Time of Flight mass analy-
ser; (vi) a magnetic sector mass spectrometer; (vii) a Paul or
3D quadrupole mass analyser; (viii) a 2D or linear quadrupole
mass analyser; (ix) a Penning trap mass analyser; (X) an ion
trap mass analyser; (xi) a Fourier Transform orbitrap; (xii) an
electrostatic Ion Cyclotron Resonance mass spectrometer;
(xiii) an electrostatic Fourier Transform mass spectrometer;
and (xiv) a quadrupole rod set mass filter or mass analyser.

The mass spectrometer may further comprise means
arranged and adapted to progressively increase, progressively
decrease, progressively vary, scan, linearly increase, linearly
decrease, increase in a stepped, progressive or other manner
ordecrease in a stepped, progressive or other manner the mass
to charge ratio transmission window of the further analyser in
synchronism with the operation of the mass analyser during
or over the cycle time of the preferred mass analyser.

According to another aspect of the present invention there
is provided a method of mass analysing ions comprising:

providing an ion guide comprising a plurality of elec-
trodes;

applying a first AC or RF voltage having a first frequency
and a first amplitude to at least some of the plurality of
electrodes such that one or more axial time averaged or
pseudo-potential barriers, corrugations or wells are created
along at least a portion of the axial length of the ion guide;

applying a second AC or RF voltage having a second fre-
quency and a second amplitude to one or more of the plurality
of electrodes in order to confine ions radially within the ion
guide; and

driving or urging ions along and/or through at least a por-
tion of the axial length of the ion guide so that in a mode of
operation ions having mass to charge ratios within a first
range exit the ion guide whilst ions having mass to charge
ratios within a second different range are axially trapped or
confined within the ion guide by the plurality of axial time
averaged or pseudo-potential barriers, corrugations or wells.

According to another aspect of the present invention there
is provided a method of mass spectrometry comprising the
method of mass analysing ions as described above.
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According to another aspect of the present invention there
is provided a mass analyser comprising an ion guide wherein
two AC or RF voltages having different amplitudes and/or
frequencies and/or phases are applied in use to the ion guide
and wherein, a plurality of axial time averaged or pseudo-
potential barriers, corrugations or wells are created along at
least a portion of the axial length of the ion guide.

According to another aspect of the present invention there
is provided a method of analysing ions comprising:

providing an ion guide; and

applying two AC or RF voltages having different ampli-
tudes and/or frequencies and/or phases to the ion guide
wherein a plurality of axial time averaged or pseudo-potential
barriers, corrugations or wells are created along at least a
portion of the axial length of the ion guide.

The preferred embodiment relates to a mass analyser com-
prising an ion guide wherein ions are separated according to
their mass to charge ratio in contrast to known ion guides
which are arranged to transmit ions without separating the
ions according to their mass to charge ratio. A particularly
advantageous features of the preferred mass analyser is that
the preferred mass analyser may be operated at much higher
pressures than conventional mass analyzers.

According to a preferred embodiment the mass analyser
comprises a stacked ring or ion tunnel ion guide. The stacked
ring or ion tunnel ion guide preferably comprises a plurality
of electrodes having apertures through which ions are trans-
mitted in use.

A first AC or RF voltage is preferably applied to the elec-
trodes of the mass analyser and preferably causes a plurality
of axial pseudo-potential corrugations or axial pseudo-poten-
tial hills or wells to be provided or created along the axial
length of the mass analyser. The axial pseudo-potential cor-
rugations or axial pseudo-potential hills preferably take the
form of alternating pseudo-potential minima and maxima
along the axis of the mass analyser.

The pseudo-potential minima and maxima preferably may
have the same periodicity as the axial spacing of the elec-
trodes or more preferably may have the same periodicity as
groups of electrodes.

The relative amplitude of the pseudo-potential minima and
maxima is preferably dependent upon the ratio of the size of
the aperture of the ring electrodes to the axial spacing
between adjacent ring electrodes. This ratio is preferably
optimised to ensure that axial pseudo-potential corrugations
having a relatively large amplitude, height or depth are cre-
ated. This potentially enables a high resolution mass analyser
to be provided.

A second AC or RF voltage is preferably applied to the
electrodes of the ion guide in order to confine ions radially
within the ion guide in an optimal manner. The second AC or
RF voltage is preferably applied to the electrodes so that
alternating electrodes are preferably connected to opposite
phases of the second AC or RF voltage.

According to another preferred embodiment the mass
analyser may comprise a rectilinear ion guide. The ion guide
may comprise a plurality of groups of electrodes. Each group
of electrodes may comprise four plate electrodes. A DC volt-
age or potential is preferably applied to two of the plate
electrodes in order to confine ions in a first radial direction
within the ion guide. An AC or RF voltage is preferably
applied to the two other plate electrodes in order to confine
ions in a second radial direction within the ion guide. The
second radial direction is preferably orthogonal to the first
radial direction.

According to the preferred embodiment a population of
ions having different mass to charge ratios is preferably intro-
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duced into the mass analyser. The ions are then preferably
caused to exit the mass analyser at different times according
to their mass to charge ratio.

The population of ions may be introduced substantially
simultaneously into the mass analyser at an entrance end of
the mass analyser. lons are preferably arranged to emerge
from the mass analyser at an exit end of the mass analyser.
The ions preferably emerge from the mass analyser in reverse
order of their mass to charge ratio.

According to the preferred embodiment the axial pseudo-
potential undulations or axial pseudo-potential corrugations
along the axis of the mass analyser preferably have a signifi-
cant amplitude and are preferably capable of axially trapping
some ions unlike a conventional ion guide.

Ions are preferably driven or urged along the length of the
ion guide or mass analyser either by applying one or more
transient DC voltage or potentials to the electrodes or by
applying a constant DC axial electric field. Ions are therefore
preferably driven along the length of the ion guide or mass
analyser against the periodic ripple in the axial effective
potential.

According to the preferred embodiment the axial pseudo-
potential corrugations are purposefully created by appropri-
ate choice of electrode spacing and by careful application of
an appropriate RF voltage having an appropriate frequency
and amplitude. The axial pseudo-potential corrugations pref-
erably have a relatively large amplitude.

The resulting ripple in the axial effective potential is pref-
erably inversely proportional to the mass to charge ratio of
ions at any particular value of the applied. RF voltage.

Various approaches may be adopted in order to scan ions
out of the ion guide or mass analyser. According to various
embodiments ions may be scanned out of the ion guide or
mass analyser by: (i) scanning the RF amplitude(s) whilst
keeping the driving field constant; (ii) scanning the driving
field whilst keeping the amplitude of the RF voltage(s) con-
stant; (iii) increasing the magnitude of the one or more tran-
sient DC voltages applied to the ion guide or mass analyser
whilst keeping the RF amplitude(s) constant; (iv) scanning
the amplitude of the RF voltage(s) whilst keeping the ampli-
tude of the one or more transient DC voltages constant; or (v)
a combination of any of the above methods.

The magnitude of the ripple in the effective potential pref-
erably depends upon the aspect ratio (width to spacing) of the
electrodes forming the ion guide. According to an embodi-
ment an oscillatory RF potential of a common phase is pref-
erably applied to a plurality of adjacent electrodes in order to
create a plurality of axial pseudo-potential corrugations. The
aspect ratio of the ion guide or mass analyser can be deter-
mined by choosing the number of adjacent electrodes con-
nected in this manner.

Accordingly, the periodicity in the oscillatory RF potential
is preferably established between groups of RF electrodes
which form subsets of electrodes. The greater the magnitude
of the mass to charge ratio dependent ripple the greater the
potential resolution of the mass analyser. However, whilst
increasing the aspect ratio increases the amplitude of the
ripples for a given RF frequency and voltage, the overall
radial confining effective potential is reduced. This can lead
to a loss of confinement of ions, especially of relatively high
mass to charge ratio ions. As a result the mass to charge ratio
range of operation of the preferred mass analyser may be
reduced or may be relatively limited.

According to the preferred embodiment of the present
invention an additional or second ion trapping oscillatory RF
potential is preferably applied to alternating electrodes. This
second RF potential is preferably intended to maximise the
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radial confinement of ions with the preferred mass analyser.
Accordingly, for an ion tunnel ion guide or mass analyser
alternate ring electrodes are preferably connected to opposite
phases of the additional or second RF potential. For an ion
guide comprising a plurality of groups of plate electrodes,
each group comprising two pairs of plate electrodes, alternate
groups of electrodes are preferably connected to opposite
phases of the additional or second RF potential.

The additional or second RF potential which is preferably
applied to the electrodes in order to optimise the radial con-
finement of ions within the mass analyser may have a differ-
ent frequency and/or amplitude to the RF potential which is
preferably applied to the electrodes of the ion guide or mass
analyser in order to create a plurality of axial pseudo-poten-
tial corrugations. The additional or second RF potential pref-
erably acts to confine relatively high mass to charge ratio ions
within the mass analyser which might otherwise have a ten-
dency to strike the electrodes of the ion guide or mass analy-
ser and hence become lost to the system. The additional or
second RF potential preferably causes a relatively strong
radial pseudo-potential barrier to be created preferably with-
out significantly affecting the effective potential profile along
the axis of the ion guide or mass analyser.

A particular advantage of the preferred embodiment is the
extra degree of freedom which results from applying two
separate RF signals to the electrodes of the mass analyser. The
amplitude and/or frequency and/or phase of the two RF sig-
nals may be different. This enables the mass analyser to be
optimised in terms of confinement, mass range and mass
separation or mass resolution.

The form of the two RF signals takes four different com-
binations when two RF signals are used. Each electrode may
be identified uniquely by an n and p prefix. The electrodes are
preferably numbered sequentially from 1 to n. Electrodes are
preferably also grouped into p subsets of electrodes. So for
example, the first four electrodes (n=1, 2, 3 and 4) may form
the first subset of electrodes p=1. The next four electrodes
(n=5, 6, 7 and 8) may form the second subset of electrodes
p=2. The following four electrodes (n=9, 10, 11 and 12) may
form the third subset of electrodes p=3. The RF signal applied
to an electrode may be given by:

V,u p=A.c08 01+B cos(ot+0) #ogal oga
Vy p=A.c08 01+8 cOS(Wol+) #oyern D oda
V, p=A.c08 011=B coS(Wol+) 035D cven

V,u p=A.c08 011=B coS(ol+) HeverLeoven

The two RF voltages preferably have distinct frequencies
, and w, and corresponding amplitudes A and B respec-
tively. In addition to this there is a phase term ¢ representing
the fact that a phase difference may be introduced between the
two RF signals. In the simplest case where w,=m, a 90° phase
shift of w, with respect to w, may preferably be employed in
order to avoid unwanted trapping effects and to minimise
peak to peak voltage differences between electrodes.

The pseudo-potential p(R,Z) within an RF ring stack orion
tunnel ion guide as a function of radial distance R and axial
position Z.x is given by:

(65)]
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wherein m/z is the mass to charge ratio of an ion, e is the
electronic charge, Vo is the peak RF voltage, w is the angular
frequency of the applied RE voltage, Ro is the radius of the
aperture in an electrode, Zo.x is the centre to centre spacing
between adjacent ring electrodes, 1O is a zeroth order modi-
fied Bessel function of the first kind and I1 is a first order
modified Bessel function of the first kind.

It is apparent from the above equation that the amplitude,
height or depth of the axial pseudo-potential corrugations
which are preferably created or formed along the length of the
mass analyser are inversely proportional to the mass to charge
ratio of an ion. Therefore, the axial pseudo-potential corru-
gations experienced by ions having a mass to charge ratio of,
for example, 1000 will have an amplitude, height or depth
which is 10% of the amplitude, height or depth of the axial
pseudo-potential corrugations experienced by ions having a
lower mass to charge ratio 100. Therefore, if ions are urged
along the length of the mass analyser then ions having a mass
to charge ratio of 100 will effectively experience more resis-
tance to axial motion than ions having a higher mass to charge
ratio of 1000. This because ions having a mass to charge ratio
of 100 will experience axial pseudo-potential corrugations
which have a relatively large amplitude, height or depth
whereas ions having a mass to charge ratio of 1000 will
experience axial pseudo-potential corrugations having only a
relatively low amplitude, height or depth.

According to the preferred embodiment ions are preferably
propelled or urged through or along the axial length of the
mass analyser by progressively applying one or more tran-
sient DC potentials or voltages or DC potential or voltage
waveforms to the electrodes of the ion guide or mass analyser.
The rate of progression of ions along the length of the mass
analyser preferably depends upon the amplitude of the one or
more transient DC potentials or voltages or DC potential or
voltage waveforms which are applied to the electrodes rela-
tive to the amplitude, height or depth of the axial pseudo-
potential corrugations which are created along the length of
the mass analyser.

Ifthe ions have become thermalised as a result of repeated
collisions with buffer gas then if the amplitude of the one or
more transient DC potentials or voltages or DC potential or
voltage waveform applied to the electrodes is fixed then the
progression of ions along the length of the mass analyser will
be dependent upon the amplitude, height or depth of the axial
pseudo-potential corrugations which are experienced by ions.
However, the amplitude, height or depth of the axial pseudo-
potential corrugations is dependent upon the mass to charge
ratio of the ion. Therefore, the progression of ions along the
length of the mass analyser will be dependent upon the mass
to charge ratio of the ions and hence ions will therefore be
mass analysed.

If the amplitude of the applied one or more transient DC
potentials or voltages or DC potential or voltage waveforms is
substantially less than the amplitude, height or depth of the
axial pseudo-potential corrugations for ions having a particu-
lar mass to charge ratio then these ions will not be driven
along the length of the mass analyser by the application of the
one or more transient DC potentials or voltages or DC poten-
tial or voltage waveforms to the electrodes of the mass analy-
sefr.

If the amplitude of the applied one or more transient DC
potentials or voltages or DC potential or voltage waveforms is
substantially greater than that of the amplitude, height or
depth of the axial pseudo-potential corrugations for ions hav-
ing a particular mass to charge ratio then these ions will be
driven along the length of the mass analyser. The ions will
preferably be driven along the length of the mass analyser at
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substantially the same velocity or rate at which the one or
more transient DC voltages or potentials or DC potential or
voltage waveforms are progressively applied to the elec-
trodes.

If the amplitude of the one or more transient DC potentials
or voltages or DC potential or voltage waveforms is approxi-
mately similar to the amplitude, height or depth of the axial
pseudo-potential corrugations for ions having a particular
mass to charge ratio then these ions may still be driven along
the length of the mass analyser but their average velocity will
be somewhat less than the velocity or rate at which the one or
more transient DC voltages or potentials or DC potential or
voltage waveforms is progressively applied to the electrodes.

The amplitude, height or depth of the axial pseudo-poten-
tial corrugations experienced by ions having a relatively high
mass to charge ratio is preferably lower than the amplitude,
height or depth of the axial pseudo-potential corrugations
which is preferably experienced by ions having a relatively
low mass to charge ratio. Accordingly, if one or more transient
DC potentials or voltages or DC potential or voltage wave-
forms having a particular amplitude is applied to the elec-
trodes, then ions having a relatively high mass to charge ratio
will be propelled along the axis of the mass analyser with a
velocity or at a rate which will preferably substantially cor-
respond with the velocity or rate at which the one or more
transient DC potentials or voltages or DC potential or voltage
waveforms is applied to the electrodes. However, ions having
a relatively low mass to charge ratio will not be propelled
along the length of the mass analyser since the amplitude,
height or depth of the axial pseudo-potential corrugations for
these ions will be greater than the amplitude of the one or
more transient DC potentials or voltages or DC potential or
voltage waveforms which is applied to the electrodes.

Ions having intermediate mass to charge ratios will
progress along the axis of the mass analyser but with a veloc-
ity or at a rate which is preferably less than the velocity or rate
at Which the one or more transient DC potentials or voltages
or DC potential or voltage waveforms is applied to the elec-
trodes. Hence, if one or more transient DC voltages or poten-
tials or DC potential or voltage waveforms having an appro-
priate amplitude is applied to the electrodes then ions having
a mass to charge ratio of 1000 will traverse the length of the
mass analyser in a shorter time than ions having a mass to
charge ratio of 100.

According to the preferred embodiment the amplitude,
height or depth of the axial pseudo-potential corrugations
which are preferably formed or created along the length of the
mass analyser can be preferably maximised by minimising
the ratio (Ro/Zo) of the diameter of the internal aperture of the
electrodes forming the mass analyser through which ions are
transmitted to the spacing between adjacent electrodes e.g. by
making the diameter of the apertures of the electrodes as
small as possible and/or by making the spacing between
adjacent electrodes as large as possible (whilst still ensuring
that ions are radially confined within the mass analyser). The
resulting relatively large amplitude, height or depth pseudo-
potential corrugations which are preferably created or formed
along the central axis of the mass analyser preferably
increases the resistance to movement of ions along the central
axis of the mass analyser and preferably enhances the effec-
tiveness of the mass to charge ratio separation process which
preferably occurs when one or more transient DC voltages or
potentials or DC voltage or potential waveforms are prefer-
ably applied to the electrodes in order to urge or sweep ions
along and over the axial pseudo-potential corrugations and
hence along the length of the ion guide.
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According to the preferred embodiment a population of
ions may be pulsed at a time TO into the preferred mass
analyser. At time T0 the amplitude of one or more transient
DC potentials or voltages or DC potential or voltage wave-
forms which is preferably applied to the electrodes may pref-
erably be setto a minimum or zero value. The amplitude of the
one or more transient DC potentials or voltages or DC poten-
tial or voltage waveforms may then be progressively scanned,
ramped, increased or stepped up in amplitude to a final maxi-
mum amplitude over the scan period of the preferred mass
analyser. Initially, ions having a relatively high mass to charge
ratio will preferably emerge from the mass analyser. As the
amplitude of the one or more transient DC voltages or poten-
tials or DC potential or voltage waveforms applied to the
electrodes is preferably increased with time then ions having
progressively lower mass to charge ratios will preferably
emerge from the mass analyser. lons will therefore preferably
be caused to exit the mass analyser in reverse order of their
mass to charge ratio as a function of time so that ions having
relatively high mass to charge ratios will exit the preferred
mass analyser prior to ions having relatively low mass to
charge ratios. Once a group of ions has been separated accord-
ing to their mass to charge ratio and all the ions have exited the
mass analyser then the process is then preferably repeated and
one or more further groups of ions are preferably admitted
into the mass analyser and are then subsequently mass analy-
sed in a subsequent scan period.

The time between injecting pulses or groups of ions into the
mass analyser can be varied in a substantially synchronised
manner with the time period over which the amplitude of the
one or more transient DC voltages or potentials or DC poten-
tial or voltage waveforms is increased from a minimum value
to a maximum value. Therefore, the separation time or cycle
time of the preferred mass analyser can be varied or set from,
for example, tens of milliseconds up to several seconds with-
out significantly affecting the separation ability or resolution
of'the mass analyser.

The preferred mass analyser is advantageously capable of
separating ions according to their mass to charge ratio at
relatively high operating pressures which may be, for
example, in the range 10~ mbar to 10" mbar. It will be
appreciated that such operating pressures are substantially
higher than the operating pressures of conventional mass
analyzers which typically operate at a pressure of <10~> mbar
(wherein the pressure is sufficiently low such that the mean
free path of gas molecules is substantially longer than the
flight path of the ions within the mass analyser).

The operating pressure range of the preferred mass analy-
ser is substantially comparable to the operating pressure of
ion guides and gas collision cells in conventional mass spec-
trometers. A person skilled in the art will appreciate that the
relatively high operating pressure of the preferred mass
analyser can be achieved using a roughing pump, such as a
rotary pump or scroll pump. Therefore, the preferred mass
analyser enables ions to be mass analysed without necessarily
having to provide an expensive fine vacuum pump such as a
turbomolecular pump or diffusion pump.

The preferred mass analyser preferably has a very high
transmission efficiency since substantially all ions received
by the preferred mass analyser are onwardly transmitted.

The preferred mass analyser may be combined with or
coupled to an ion storage region or ion trap which may be
arranged or provided upstream of the preferred mass analyser.
The ion storage region or ion trap may be arranged to accu-
mulate and store ions whilst other ions are preferably being
mass analysed by the preferred mass analyser. A mass spec-
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trometer comprising an upstream ion trap and a preferred
mass analyser will preferably have a relatively high duty
cycle.

According to an embodiment an ion storage region or ion
trap may be provided upstream of a preferred mass analyser
and a second or further mass analyser may be provided down-
stream of the preferred mass analyser. The second or further
mass analyser may comprise either an orthogonal accelera-
tion Time of Flight mass analyser or a quadrupole rod set
mass analyser. According to this embodiment a mass spec-
trometer is provided Which preferably has a high duty cycle,
high transmission efficiency and improved mass resolution.

The preferred mass analyser may be coupled to various
types of mass analyser. The capability of the preferred mass
analyser to transmit ions in reverse order of mass to charge
ratio over a time period or cycle time which can be fixed or set
as desired preferably enables the preferred mass analyser to
be coupled to various other devices which may have varying
or different cycle times. For example, the preferred mass
analyser may be coupled to a Time of Flight mass analyser
arranged downstream of the preferred mass analyser in which
case the preferred mass analyser may be arranged to have a
mass separation or cycle time of tens of milliseconds. The
preferred mass analyser may alternatively be coupled to a
quadrupole rod set mass analyser arranged downstream of the
preferred mass analyser which is arranged to be scanned. In
this case the preferred mass analyser may be operated with a
mass separation or cycle time of hundreds of milliseconds.

The preferred mass analyser may be combined or coupled
to an axial acceleration Time of Flight mass analyser, an
orthogonal acceleration Time of Flight mass analyser, a 3D
quadrupole ion trap, a linear quadrupole ion trap, a quadru-
pole rod set mass filter or mass analyser, a magnetic sector
mass analyser, an ion cyclotron resonance mass analyser or an
orbitrap mass analyser. The further mass analyser may com-
prise a Fourier Transform mass analyser which may employ
Fourier transforms of mass dependant resonance frequencies
in order to mass analyse ions. According to a particularly
preferred embodiment the preferred mass analyser may be
combined with or coupled to either an orthogonal accelera-
tion Time of Flight mass analyser or a quadrupole rod set
mass analyser.

According to an embodiment the preferred mass analyser
may be provided upstream of an orthogonal acceleration
Time of Flight mass analyser. In a conventional orthogonal
acceleration Time of Flight mass analyser ions possessing
approximately the same energy are arranged to pass through
an orthogonal acceleration region in which an orthogonal
acceleration electric field is periodically applied. The length
of'the orthogonal acceleration region in which the orthogonal
acceleration electric field is applied, the energy of the ions and
the frequency of application of the orthogonal acceleration
electric field will determine the sampling duty cycle for sam-
pling ions for subsequent analysis in the Time of Flight mass
analyser. lons entering the orthogonal acceleration region
possessing approximately the same energy but having differ-
ent mass to charge ratios will have different velocities as they
pass through the orthogonal acceleration region. Therefore,
some ions may have passed beyond the orthogonal accelera-
tion region and other ions may yet to have reached the
orthogonal acceleration region at the time when the orthogo-
nal acceleration electric field is applied in order to orthogo-
nally accelerate ions into the drift region or time of flight
region of the mass analyser. It is therefore apparent that in a
conventional orthogonal acceleration Time of Flight mass
analyser ions having different mass to charge ratios will have
different sampling duty cycles.

10

15

20

25

30

35

40

45

50

55

60

65

22

According to the preferred embodiment ions are preferably
released from the preferred mass analyser as a succession of
packets ofions wherein the ions in each packet will preferably
have a relatively narrow range of mass to charge ratios and
hence also a relatively narrow spread of velocities. According
to the preferred embodiment all the ions within a packet of
ions released from the preferred mass analyser can preferably
be arranged to arrive within the orthogonal acceleration,
region of the Time of Flight mass analyser at substantially the
same time that an orthogonal acceleration electric field is
applied. As a result a high sampling duty cycle can be
achieved according to the preferred embodiment.

In order to achieve a high overall sampling duty cycle each
packet of ions is preferably released from the preferred mass
analyser such that the time for ions in a packet to arrive at the
orthogonal acceleration region of the Time of Flight mass
analyser is sufficiently short such that the ions do not have
sufficient time in which to disperse axially to any significant
degree. Therefore, any axial dispersal of the ions will prefer-
ably be shorter than the length of the orthogonal acceleration
region in which the orthogonal acceleration electric field is
subsequently applied. According to the preferred embodi-
ment the distance between the point at which ions are released
from the preferred mass analyser and the orthogonal accel-
eration region of the Time of Flight mass analyser may be
arranged to be relatively short given the energy of the ions and
the mass to charge ratio range of ions within any packet of
ions released from the preferred mass analyser.

The mass to charge ratio range of ions within each packet
of ions released from the preferred mass analyser is prefer-
ably arranged to be relatively narrow. The orthogonal accel-
eration electric field is preferably applied in synchronism
with the arrival of ions at the orthogonal acceleration region
of the Time of Flight mass analyser. According to the pre-
ferred embodiment it is possible to achieve substantially a
100% sampling duty cycle for all the ions in a packet of ions
released from the preferred mass analyser. If the same condi-
tions are applied to each subsequent packet of ions released
from the preferred mass analyser then an overall sampling
duty cycle of substantially 100% can be achieved according
to the preferred embodiment.

According to an embodiment a preferred mass analyser is
preferably coupled to an orthogonal acceleration Time of
Flight mass analyser such that a substantially 100% sampling
duty cycle is obtained. An ion guide may be provided down-
stream of the preferred mass analyser and upstream of the
orthogonal acceleration Time of Flight mass analyser in order
to assist in ensuring that a high sampling duty cycle is
obtained. lons are preferably arranged to exit the preferred
mass analyser and are preferably received by the ion guide.
Ions which emerge from the preferred mass analyser are
preferably trapped in one of a plurality of real axial potential
wells which are preferably transported or translated along the
length of the ion guide. According to one embodiment one or
more transient DC voltages or potentials or DC voltage or
potential waveforms may preferably be applied to the elec-
trodes of the ion guide such that one or more real axial
potential wells or potential barriers preferably move along the
axis or length of the ion guide. The preferred mass analyser
and the downstream ion guide are preferably sufficiently
closely coupled such that the ions emerging from the exit of
the preferred mass analyser are preferably transported or
translated in a succession of packets or separate axial poten-
tial wells along and through the length of the ion guide. The
ions are preferably transported or translated along the length
of the ion guide in substantially the same order that they
emerged from the exit of the preferred mass analyser. The ion
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guide and the orthogonal acceleration Time of Flight mass
analyser are preferably also closely coupled such that each
packet of ions released from the ion guide is preferably
sampled by the orthogonal acceleration Time of Flight mass
analyser preferably with substantially a 100% sampling duty
cycle.

By way of illustration, the cycle time of the preferred mass
analyser may be 10 ms. A packet of ions emerging from the
exit of the preferred mass analyser may be arranged to be
collected and axially translated in one of 200 real axial poten-
tial wells which are preferably created within the ion guide
during the cycle time of the preferred mass analyser. Accord-
ingly, each axial potential well created in the ion guide pref-
erably receives ions over a 50 us time period. According to an
embodiment the rate of creation of each wave or axial poten-
tial well in the ion guide preferably corresponds with the
cycle time of the orthogonal acceleration Time of Flight mass
analyser. The delay time between the release of packets of
ions from the ion guide and the application of an orthogonal
acceleration voltage pulse to a pusher electrode of the Time of
Flight mass analyser is preferably progressively reduced in
time preferably over the cycle time of the mass analyser
because the average mass to charge ratio ofions released from
the exit of the ion guide will preferably reduce with time.

An ion source is preferably provided upstream of the pre-
ferred mass analyser. The ion source may comprise a pulsed
ion source such as a Laser Desorption lonisation (“L.DI”) ion
source, a Matrix Assisted Laser Desorption lonisation
(“MALDI”) ion source or a Desorption Ionisation on Silicon
(“DIGS”) ion source. Alternatively, the ion source may com-
prise a continuous ion source. If a continuous ion source is
provided then an ion trap for storing ions and periodically
releasing ions into the preferred mass analyser may prefer-
ably be provided downstream of the ion source and upstream
of the preferred mass analyser. The continuous ion source
may comprise an Electrospray lonisation (“ESI”) ion source,
an Atmospheric Pressure Chemical Ionisation (“APCI”) ion
source, an Electron Impact (“EI”) ion source, an Atmospheric
Pressure Photon Ionisation (“APPI”) ion source, a Chemical
ITonisation (“CI”) ion source, a Desorption Electrospray Ioni-
sation (“DESI”) ion source, a Atmospheric Pressure MALDI
(“AP-MALDI”) ion source, a Fast. Atom Bombardment
(“FAB”)ion source, a Liquid Secondary lon Mass Spectrom-
etry (“LSTMS”) ion source, a Field Ionisation (“FI”) ion
source or a Field Desorption (“FD”) ion source. Other con-
tinuous or pseudo-continuous ion sources may also be used.

The mass spectrometer may further comprise a collision,
fragmentation or reaction cell which may according to an
embodiment be provided upstream of the preferred mass
analyser. In one mode of operation at least some of the ions
entering the collision, fragmentation or reaction cell are
caused to fragment or react such that a plurality of fragment,
daughter, product or adduct ions are preferably formed. The
resulting fragment, daughter, product or adduct ions are then
preferably onwardly transmitted or passed from the collision,
fragmentation or reaction cell to the preferred mass analyser.
The fragment, daughter, product or adduct ions are preferably
mass analysed by the preferred mass analyser.

According to an embodiment a mass filter may be provided
upstream of the collision, fragmentation or reaction cell. The
mass filter may in a mode of operation be arranged to transmit
ions having one or more specific mass to charge ratios whilst
substantially attenuating all other ions. According to an
embodiment specific parent or precursor ions may be selected
by the mass filter so that they are onwardly transmitted whilst
all other ions are substantially attenuated. The selected parent
or precursor ions are then preferably fragmented or reacted as
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they enter the collision, fragmentation or reaction cell. The
resulting fragment, daughter, adduct or product ions are then
preferably passed to the preferred mass analyser and the ions
are preferably temporally separated as they pass through the
preferred mass analyser.

A second mass filter may be provided downstream of the
preferred mass analyser. The second mass filter may be
arranged such that only specific fragment, daughter, product
or adduct ions having one or more specific mass to charge
ratios are onwardly transmitted by the second mass filter. The
first mass filter and/or the second mass filter may comprise a
quadrupole rod set mass filter. However, according to other
less preferred embodiments the first mass filter and/or the
second mass filter may comprise another type of mass filter.

A mass analyser according to the preferred embodiment is
particularly advantageous compared with a conventional
mass analyser such as a quadrupole rod set mass analyser in
that multiple or substantially all fragment ions which are
received by the mass analyser are preferably subsequently
detected. The preferred mass analyser is therefore able to
mass analyse and onwardly transmit ions with a very high
transmission efficiency. In contrast, a conventional scanning
quadrupole rod set mass analyser is only able to transmit ions
having a particular mass to charge ratio at any particular
instance in the time and therefore has a relatively low trans-
mission efficiency.

The preferred mass analyser enables, for example, the rela-
tive abundance of two or more specific fragment ions to be
measured with a high degree of accuracy. Although a quadru-
pole rod set mass analyser could be programmed so as to
switch to transmit different fragment ions for the purpose of
confirming the analysis there is an inevitable corresponding
reduction in duty cycle for the measurement of each specific
fragment ion. This leads to a loss in sensitivity for each
specific fragment ion. In contrast the preferred mass analyser
is capable of separating different fragment ions in time such
that each species of ion can then be recorded or detected
without any loss in duty cycle or sensitivity.

The specificity of the analysis may be further improved by
removing any parent or precursor ions which are not of poten-
tial interest prior to fragmentation. According to an embodi-
ment ions may be arranged to pass through a mass filter which
is preferably positioned upstream of a collision, fragmenta-
tion or reaction cell. The mass filter may comprise a quadru-
pole rod set mass filter although other types of mass filter are
also contemplated. The mass filter may be set in a mode of
operation to transmit substantially all ions i.e. the mass filter
may be arranged to operate in a non-resolving or ion guiding
mode of operation. Alternatively, in another mode of opera-
tion the mass filter may be set to transmit only specific parent
or precursor ions of interest.

The preferred mass analyser preferably onwardly transmits
all ions it receives but it may have a lower specificity than a
conventional mass analyser such as a quadrupole rod set mass
analyser which may have a resolution of unit mass, meaning
a resolution of 100 at mass to charge ratio 100, or 200 at mass
to charge ratio 200, or 500 at mass to charge ratio 500 and so
on.

According to an embodiment of the present invention a
further mass filter or mass analyser may be positioned down-
stream of the preferred mass analyser. The further mass filter
or mass analyser is preferably arranged upstream of an ion
detector. The further mass filter or mass analyser may com-
prise a quadrupole rod set mass filter or mass analyser
although other types of mass filter or mass analyser are also
contemplated. The further mass filter or mass analyser may be
operated in a non-resolving mode of operation wherein sub-
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stantially all ions are onwardly transmitted. Alternatively, the
further mass filter or mass analyser may be operated in a mass
filtering mode of operation wherein only ions of interest are
onwardly transmitted. When the further mass filter or mass
analyser is set to transmit all ions then the preferred mass
analyser is preferably used exclusively to mass analyse ions.

In an embodiment the further mass filter or mass analyser
may be arranged to transmit one or more specific parent or
fragment ions. The further mass filter or mass analyser may be
arranged to be switched to transmit a number of ions having
pre-selected mass to charge ratios at pre-selected times during
the course of the separation cycle time of the preferred mass
analyser. The pre-selected mass to charge ratios may corre-
spond to the mass to charge ratios of a series of specific parent
or fragment ions of interest. The pre-selected times are pref-
erably set to encompass or correspond with the exit times
from the preferred mass analyser of the specifically selected
parent or fragment ions. As a result, a number of parent or
fragment ions may be measured with the specificity of the
further mass filter or mass analyser but substantially without
any loss in duty cycle and therefore substantially without any
loss in sensitivity.

According to an embodiment a further mass filter or mass
analyser arranged downstream of a preferred mass analyseris
preferably arranged to be scanned substantially in synchro-
nism with the operation of the preferred mass analyser over
the cycle time of the preferred mass analyser. The scan law or
the progressive variation in the mass to charge ratio transmis-
sion window of the further mass filter or mass analyser as a
function of time may be arranged to match as closely as
possible the relationship between the mass to charge ratio of
ions exiting from the preferred mass analyser as a function of
time. As a result, a substantial number of parent or fragment
ions exiting the preferred mass analyser may preferably be
subsequently onwardly transmitted through or by the further
mass filter or mass analyser. The further mass filter or mass
analyser is preferably arranged to scan from high mass to
charge ratio to low mass to charge ratio over the cycle time of
the preferred mass analyser since the preferred mass analyser
preferably outputs ions in reverse order of mass to charge
ratio.

A quadrupole rod set mass filter or mass analyser has a
maximum scan rate depending upon the length of the quadru-
pole rod set. The maximum scan rate may typically be of the
order of 100 ms for a scan of 1000 Daltons. Accordingly, if a
quadrupole rod set mass filter or mass analyser is provided
downstream of a preferred mass analyser, then the preferred
mass analyser may be operated with a cycle time of the order
ofhundreds of milliseconds (rather than tens of milliseconds)
so that the operation of the preferred mass analyser and the
quadrupole rod set mass analyser can preferably be synchro-
nised.

According to an embodiment a mass spectrometer may be
provided which preferably comprises means for receiving
and storing ions, means for releasing ions in a pulse, a pre-
ferred mass analyser which receives a pulse of ions and sepa-
rates the ions according to their mass to charge ratio, a qua-
drupole rod set mass filter arranged downstream of the
preferred mass analyser and an ion detector. According to an
embodiment the mass spectrometer may comprise a first qua-
drupole rod set mass filter or analyser, means for receiving,
fragmenting, storing and releasing ions in a pulse, a preferred
mass analyser which receives a pulse of ions, a second qua-
drupole rod set mass filter or analyser arranged downstream
of'the preferred mass analyser and a means for detecting ions.

In a mode of operation ions may be received by and frag-
mented within a gas collision cell. The collision cell may be
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maintained at a pressure between 10~* mbar and 1 mbar or
more preferably between 107> and 10~ mbar. The collision
cell preferably comprises an RF ion guide. lons are preferably
arranged to be confined close to the central axis of the gas
collision cell even when the ions undergo collisions with
background gas molecules. The gas collision cell may com-
prise a multipole rod set ion guide wherein an AC or RF
voltage is applied between neighbouring rods such that ions
are radially confined within the collision cell.

According to another embodiment the gas collision cell
may comprise a ring stack or ion tunnel ion guide comprising
aplurality of electrodes having apertures through which ions
are transmitted in use. Opposite phases of an AC or RF volt-
age are preferably applied between neighbouring or adjacent
rings or electrodes so that ions are preferably radially con-
fined within the gas collision cell by the generation of a radial
pseudo-potential well.

According to a less preferred embodiment the collision cell
may comprise another type of RF ion guide.

Ions in a mode of operation may preferably be caused to
enter the collision cell with an energy of at least 10 eV. The
ions may undergo multiple collisions with gas molecules
within the collision cell and may be induced to fragment.

The gas collision cell may be used to store ions and release
ions in pulses in a mode of operation. A plate or electrode may
be arranged at the exit of the collision cell and may be main-
tained at a potential such that a potential barrier is created
which substantially prevents ions from exiting the collision
cell. For positive ions, a potential of about +10V with respect
to the other electrodes of'the collision cell may be maintained
in order to trap ions within the collision cell. A similar plate or
electrode may be provided at the entrance to the collision cell
and may be maintained at a similar potential in order to
prevent ions from exiting the collision cell via the entrance of
the collision cell. If the potential on the plate or electrode at
the entrance and/or the exit of the collision cell is momen-
tarily lowered to OV, or less than OV, with respect to the other
electrodes forming the collision cell, then ions will preferably
be released from the collision cell in a pulse. The ions may
then be onwardly transmitted from the collision cell to the
preferred mass analyser.

According to an embodiment the amplitude of one or more
transient DC potentials or voltages or DC potential or voltage
waveforms applied to the electrodes of the preferred mass
analyser is preferably progressively increased with time from
a relatively low amplitude to a relatively high amplitude in
synchronism with the operation of a quadrupole rod set mass
filter or mass analyser arranged downstream of the preferred
mass analyser. The quadrupole rod set mass filter may be
arranged to be scanned or stepped down in mass or mass to
charge ratio in synchronism with the cycle time of the pre-
ferred mass analyser.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the present invention will now be
described, by way of example only, and with reference to the
accompanying drawings in which:

FIG. 1 shows a mass analyser according to a preferred
embodiment of the present invention;

FIG. 2 shows the amplitude or depth of axial pseudo-
potential corrugations along the length of a preferred mass
analyser for ions having a mass to charge ratio of 100;

FIG. 3 shows the amplitude or depth of axial pseudo-
potential corrugations along the length of a preferred mass
analyser for ions having a mass to charge ratio of 1000;
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FIG. 4 shows an embodiment of the present invention
wherein a preferred mass analyser is coupled to an orthogonal
acceleration Time of Flight mass analyser via a transfer lens;

FIG. 5 shows a mass chromatogram of ions having mass to
charge ratios of 311 and 556 when a mass analyser was
operated with a cycle of time of 100 ms;

FIG. 6 shows a mass chromatogram of ions having mass to
charge ratios of 311 and 556 when a mass analyser was
operated with a cycle time of 1 second;

FIG. 7 shows another embodiment wherein a preferred
mass analyser is coupled to a scanning quadrupole rod set
mass filter or mass analyser; and

FIG. 8 shows another embodiment wherein a preferred
mass analyser is coupled to an orthogonal acceleration Time
of Flight mass analyser via an ion tunnel ion guide.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A mass analyser according to an embodiment of the
present invention will now be described with reference to
FIG. 1. The mass analyser preferably comprises an ion guide
2 comprising a plurality of ring electrodes having apertures
through which ions are transmitted in use. Although not
shown in FIG. 1, the electrodes are preferably arranged into
groups wherein each group comprises a plurality of elec-
trodes. All the electrodes in a group are preferably connected
to the same phase of a first AC or RF voltage. Neighbouring or
adjacent groups are preferably connected to opposite phases
of'the first AC or RF voltage. In addition, adjacent electrodes
are preferably connected to opposite phases of a second AC or
RF voltage supply. An entrance electrode 3 is preferably
provided at the entrance to the ion guide 2 and an exit elec-
trode 4 is preferably provided at the exit of the ion guide 2. A
gate electrode 1 may optionally be provided upstream of the
entrance electrode 3. The entrance electrode 3 and the gate
electrode 1 may according to one embodiment comprise the
same component.

Ions are preferably periodically pulsed into the ion guide 2
by, for example, momentarily lowering the potential of the
gate electrode 1. lons entering the ion guide 2 preferably
experience an RF inhomogeneous field that serves to confine
ions radially within the ion guide 2 due to the creation of a
radial pseudo-potential well. Advantageously, the preferred
mass analyser is preferably maintained at an intermediate
pressure.

According to the preferred embodiment one or more tran-
sient DC voltages or potentials or DC voltage or potential
waveforms are preferably applied to the electrodes compris-
ing the ion guide 2. FIG. 1 shows a transient DC voltage being
applied simultaneously to two electrodes of'the ion guide 2 at
a particular instance in time. One or more transient DC volt-
ages or potentials or DC voltage or potential waveforms are
preferably applied progressively to electrodes along the
length of the ion guide 2. The one or more transient DC
voltages or potentials or DC voltage or potential waveforms
are preferably applied to the electrodes forming the ion guide
2 in such a way that a transient DC voltage or potential is only
applied to any particular electrode for a relatively short period
of'time. The one or more transient DC voltages or potentials
or DC voltage or potential waveforms are then preferably
switched or applied to one or more adjacent electrodes.

The progressive application of one or more transient DC
voltages or potentials or DC voltage or potential waveforms
to the electrodes preferably causes one or more transient DC
potential hills or real potential hills to be translated along the
length of the ion guide 2. This preferably causes at least some
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ions to be urged or propelled along the length of the ion guide
2 in the same direction that the one or more transient DC
voltages or potential or DC voltage or potential waveforms
are progressively applied to the electrodes.

The second AC or RF voltage is preferably constantly
applied to the electrodes. Adjacent electrodes along the axis
of'the ion guide are preferably maintained at opposite phases
of the second AC or RF voltage, supply. This preferably
causes ions to be confined radially within the mass analyser 2
due the creation of a radial pseudo-potential well. In addition,
the application of the first AC or RF voltage supply to the
plurality of electrodes along the length of the ion guide 2
preferably causes a plurality of time averaged axial pseudo-
potential corrugations or potential hills, barriers or valleys to
be formed or created along the axial length of the ion guide 2.

FIG. 2 shows the amplitude or depth of axial pseudo-
potential corrugations or hills or pseudo-potential barriers
which are experienced by ions having a relatively low mass to
charge ratio of 100 within a mass analyser comprising a ring
stack or ion tunnel ion guide 2 as shown in FIG. 1. The
electrodes of the ion guide 2 were modelled as being con-
nected to a single RF voltage source having a frequency of2.7
MHz and a peak to peak voltage of 400 V. The centre to centre
spacing of the ring electrodes was modelled as being 1.5 mm
and the internal diameter of the ring electrodes was modelled
as being 3 mm.

FIG. 3 shows the reduced amplitude or depth axial pseudo-
potential corrugations or hills or pseudo-potential barriers
experienced by ions having a relatively high mass to charge
ratio of 1000 within a mass analyser comprising a ring stack
or ion tunnel ion guide 2 as shown in FIG. 1. The electrodes
of the ion guide 2 were modelled as being connected to a
single RF voltage source having a frequency of 2.7 MHz and
a peak to peak voltage of 400 V. The centre to centre spacing
of the ring electrodes was modelled as being 1.5 mm and the
internal diameter of the ring electrodes was modelled as being
3 mm.

The minima of the time averaged or axial pseudo-potential
corrugations or pseudo-potential barriers shown in FIGS. 2
and 3 correspond with the axial position or displacement of
the ring electrodes. It is apparent from FIGS. 2 and 3 that the
amplitude or depth of the axial pseudo-potential corrugations
or pseudo-potential barriers is inversely proportional to the
mass to charge ratio of the ions. For example, the amplitude of
the axial pseudo-potential corrugations experienced by ions
having a relatively low mass to charge ratio of 100 is approxi-
mately 5V (as shown in FIG. 2) whereas the amplitude of the
axial pseudo-potential corrugations experienced by ions hav-
ing a relatively high mass to charge ratio of 1000 is only
approximately 0.5 V (as shown in FIG. 3).

The effective depth, height or amplitude of the axial
pseudo-potential corrugations or pseudo-potential barriers
depends upon the mass to charge ratio of the ions. As a result,
when ions are driven, forced or propelled along the length of
the ion guide 2, then ions having a relatively high mass to
charge ratio of 1000 will preferably experience less axial
resistance (since the amplitude, height or depth of the axial
pseudo-potential corrugations is relatively low for ions hav-
ing relatively high mass to charge ratios) compared with ions
having a relatively low mass to charge ratio of 100 (since the
amplitude, height or depth of the axial pseudo-potential cor-
rugations is relatively high for ions having relatively low mass
to charge ratios).

Ions are preferably urged along the length of the ion guide
2 by one or more transient DC voltages or potentials or DC
voltage or potential waveforms which are preferably progres-
sively applied to the electrodes of the ion guide 2. According



US 9,312,118 B2

29

to the preferred embodiment the amplitude of the one or more
transient DC voltages or potentials or DC voltage or potential
waveforms applied to the electrodes is preferably progres-
sively increased over a cycle of operation ofthe mass analyser
so that ions having increasingly lower mass to charge ratios
will begin to overcome the axial pseudo-potential corruga-
tions and hence will be urged or driven along the length of the
ion guide 2 and will ultimately be elected from the exit of the
ion guide 2.

FIG. 4 shows an embodiment of the present invention
wherein a preferred mass analyser 2 is coupled to an orthogo-
nal acceleration Time of Flight mass analyser 7 via a transfer
lens 6. Ions from an ion source (not shown) are preferably
accumulated in an ion trap 5 arranged upstream of the pre-
ferred mass analyser 2. lons are then preferably periodically
released from the ion trap 5 by pulsing a gate electrode 1
arranged at the exit of the ion trap 5. At the moment that ions
are released from the ion trap 5 the amplitude of one or more
transient DC potentials or voltages or DC potential or voltage
waveforms which is preferably applied to the electrodes of
the ion guide 2 is preferably set at a minimum value, further
preferably OV. The amplitude ofthe one or more transient DC
potentials or voltages or DC potential or voltage waveforms
applied to the electrodes of the mass analyser 2 is then pref-
erably ramped or increased linearly from 0 V or a minimum
value to a final maximum value or voltage over the cycle time
of the preferred mass analyser 2. The cycle time of the pre-
ferred mass analyser 2 may, for example, be in the range 10
ms-1 s. During the cycle time of the preferred mass analyser
2, ions preferably emerge from the preferred mass analyser 2
in reverse order of their mass to charge ratio. lons exiting the
mass analyser 2 preferably pass through the transfer lens 6
and are then preferably onwardly transmitted to a vacuum
chamber housing an orthogonal acceleration Time of Flight
mass analyser 7. The ions are preferably mass analysed by the
orthogonal acceleration Time of Flight mass analyser 7.

FIG. 4 also shows how the amplitude of the one or more
transient DC voltages or potentials or DC potential or voltage
waveforms applied to the electrodes of the preferred mass
analyser 2 preferably increases linearly over three consecu-
tive cycles of operation of the mass analyser. The correspond-
ing voltage pulses applied to the gate electrode 1 in order to
pulse ions into the preferred mass analyser 2 are also shown.

An experiment was conducted to demonstrate the effec-
tiveness of the mass analyser 2. A mixture of Leucine
Enkephalin (N+=556) and Sulfadimethoxine (M+=311) was
infused into a mass spectrometer arranged substantially as
shown in FIG. 4. Tons were arranged to be pulsed from an ion
trap 5 into an ion guide 2 of a preferred mass analyser 2 during
a 800 s gate pulse. The period between gate pulses and hence
the cycle time of the preferred mass analyser 2 was set at 100
ms. The amplitude of one or more transient DC potentials or
voltages or DC potential or voltage waveforms applied to the
electrodes of the ion guide 2 was linearly ramped or increased
from 0 V to 2 V over the 100 ms cycle time between gate
pulses.

FIG. 5 shows a resulting reconstructed mass chromato-
gram for ions having mass to charge ratios of 311 and 556.
The mass chromatogram was reconstructed from Time of
Flight data acquired over the 100 ms cycle time of the mass
analyser 2. The reconstructed mass chromatogram shows that
ions having a mass to charge ratio of 311 took longer to
traverse the length of the preferred mass analyser 2 than ions
having a mass to charge ratio of 556.

The experiment was then repeated but the width of the gate
pulse was increased from 800 ps to 8 ms. The time between
gate pulses and hence the cycle time of the preferred mass

25

30

40

45

30

analyser 2 was also increased from 100 ms to 1 s. FIG. 6
shows the resulting reconstructed mass chromatogram for
ions having mass to charge ratios of 311 and 556. The mass
chromatograms were reconstructed from Time of Flight data
acquired over the 1 s cycle time of the mass analyser 2. The
reconstructed mass chromatogram again showed that ions
having a mass to charge ratio of 311 took longer to traverse the
length of the preferred mass analyser 2 than ions having a
mass to charge ratio of 556.

According to some embodiments the preferred mass analy-
ser 2 may have an intermediate mass to charge ratio resolu-
tion. However, the preferred mass analyser 2 may be coupled
to a relatively high resolution scanning/stepping mass analy-
ser such as a quadrupole rod set mass analyser 8 which is
preferably arranged downstream of the preferred mass analy-
ser 2. FIG. 7 shows an embodiment wherein a preferred mass
analyser 2 is provided upstream of a quadrupole rod set mass
analyser 8. An ion detector 9 is preferably provided down-
stream of the quadrupole rod set mass analyser 8. The mass to
charge ratio transmission window of the quadrupole rod set
mass analyser 8 is preferably scanned in use in synchronism
with the expected mass to charge ratios of'ions emerging from
the preferred mass analyser 2. Coupling the preferred mass
analyser 2 to a quadrupole mass analyser 8 arranged down-
stream preferably improves the overall instrument duty cycle
and sensitivity of the mass spectrometer.

The output of the preferred mass analyser 2 is preferably a
function of the mass to charge ratio of ions with time. At any
given time the mass to charge ratio range of ions exiting the
preferred mass analyser 2 will preferably be relatively nar-
row. Accordingly, ions having a particular mass to charge
ratio will preferably exit the mass analyser 2 over a relatively
short period of time. The mass to charge ratio transmission
window of the scanning quadrupole rod set mass analyser 8
can therefore be synchronised with the expected mass to
charge ratio range of ions exiting the preferred mass analyser
2 at any point in time such that the duty cycle of the scanning
quadrupole rod set mass analyser 8 is preferably increased.

FIG. 7 also shows how the amplitude of the one or more
transient DC voltages or potentials or DC potential or voltage
waveforms applied to the electrodes of the preferred mass
analyser 2 preferably increases linearly over three consecu-
tive cycles of operation of the mass analyser. The correspond-
ing voltage pulses applied to the gate electrode 1 in order to
pulse ions into the preferred mass analyser 2 are also shown.

According to an alternative embodiment the mass to charge
ratio transmission window of the quadrupole rod set mass
analyser 8 may be increased in a stepped manner rather than
in a linear manner. The mass to charge ratio transmission
window of the quadrupole rod set mass analyser 8 may be
stepped with or to a limited number of pre-determined values
in a substantially synchronised manner with the release of
ions exiting the preferred mass analyser 2. This enables the
transmission efficiency and duty cycle of the quadrupole rod
set mass filter 8 to be increased in a mode of operation
wherein only certain specific ions having certain mass to
charge ratios are of interest and are desired to be measured,
detected or analysed.

Another embodiment of the present invention is shown in
FIG. 8 wherein a preferred mass analyser 2 is coupled to an
orthogonal acceleration Time of Flight mass analyser 7 via an
ion guide 10. According to this embodiment a mass spectrom-
eter is preferably provided having an improved overall duty
cycle and sensitivity. The ion guide 10 preferably comprises
aplurality of electrodes each having an aperture. One or more
transient DC potentials or voltages or DC potential voltage
waveforms are preferably applied to the electrodes of the ion
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guide 10 in order to urge or translate ions along the length of
the ion guide 10. The ion guide 10 is preferably arranged to
effectively sample the ions emerging from the preferred mass
analyser 2. As a result, ions having a relatively narrow range
of mass to charge ratios which emerge as a packet from the
preferred mass analyser 2 at any instance in time are prefer-
ably arranged to be trapped in one of a plurality of real axial
potential wells which are preferably formed or created within
the ion guide 10. The real axial potential wells which are
preferably formed or created within the ion guide 10 are
preferably continuously translated along the length of'the ion
guide 10. Packets of ions are preferably trapped in discrete
potential wells in the ion guide 10 such that ions in one
potential well preferably do not pass to an adjacent potential
well.

The axial potential wells formed or created in the ion guide
10 are preferably continually translated along the length of
the ion guide 10. As an axial potential well reaches the down-
stream end of the ion guide 10, then the packet of ions con-
tained within that axial potential well is preferably released
and the packet of ions is preferably onwardly transmitted to
the orthogonal acceleration Time of Flight mass analyser 7.
An orthogonal acceleration extraction pulse is preferably
applied to an extraction electrode 11 of the orthogonal accel-
eration Time of Flight mass analyser 7. The orthogonal accel-
eration extraction pulse is preferably synchronised with the
release of a packet of ions from the ion guide 10 in order to
maximise the sampling efficiency of the packet of ions into
the drift or time of flight region of the orthogonal acceleration
Time of Flight mass analyser 7.

FIG. 8 also shows how the amplitude of the one or more
transient DC voltages or potentials or DC potential or voltage
waveforms applied to the electrodes of the preferred mass
analyser 2 preferably increases linearly over three consecu-
tive cycles of operation of the mass analyser. The correspond-
ing voltage pulses applied to the gate electrode 1 in order to
pulse ions into the preferred mass analyser 2 are also shown.

Various further embodiments are contemplated. According
to an embodiment the mass analyser 2 may comprise ring
electrodes having a rectangular, square or elliptical apertures.
According to another embodiment the mass analyser 2 may
comprise a segmented multipole rod set ion guide.

According to an embodiment ions may be pulsed directly
from the ion source into the preferred mass analyser 2. For
example, a MALDI ion source or another pulsed ion source
may be provided and ions may be pulsed into the preferred
mass analyser 2 each time a laser beam is fired at a target plate
of the ion source.

According to an embodiment a collision, fragmentation or
reaction cell may be provided upstream and/or downstream of
the preferred mass analyser 2. According to an embodiment
the potential difference between the preferred mass analyser
2 and the collision, fragmentation or reaction cell may be
progressively ramped down or decreased over the cycle time
of the preferred mass analyser 2 and as the amplitude of the
one or more transient DC potentials or voltages or DC voltage
or potential waveforms applied to the electrodes of the ion
guide 2 of the preferred mass analyser is preferably progres-
sively ramped up or increased. According to this embodiment
the energy of the ions exiting the preferred mass analyser 2 is
preferably optimised for subsequent fragmentation in the col-
lision, fragmentation or reaction cell provided downstream of
the mass analyser 2.

Although the present invention has been described with
reference to preferred embodiments, it will be understood by
those skilled in the art that various changes in form and detail
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may be made without departing from the scope of the inven-
tion as set forth in the accompanying claims.

The invention claimed is:

1. A mass analyzer comprising:

an ion guide including a plurality of electrodes;

a first voltage source for creating one or more axial time
averaged or pseudo-potential barriers, corrugations or
wells created along at least a portion of an axial length of
said ion guide; and

a second voltage source forming an electric field, voltage,
or waveform along at least a portion of the guide so that
in a mode of operation ions having mass to charge ratios
within a first range exit said ion guide axially while ions
having mass to charge ratios within a second range are
axially confined within said ion guide.

2. A mass analyzer as claimed in claim 1, wherein the one
or more axial time averaged or pseudo-potential barriers,
corrugations or wells are created by applying a first RF volt-
age having a first frequency and a first amplitude to at least
some of said electrodes, wherein said RF voltage for confin-
ingions is a second RF voltage having a second frequency and
a second amplitude and is applied to one or more electrodes,
and wherein said first frequency is substantially different
from said second frequency or said first amplitude is substan-
tially different from said second amplitude.

3. A mass analyzer as claimed in claim 1, wherein the
second voltage source is arranged and adapted to generate an
axial DC electric field along at least a portion of said ion
guide.

4. A mass analyzer as claimed in claim 1, wherein the
second voltage source is arranged and adapted to apply a
multiphase RF voltage to at least some of said electrodes.

5. A mass analyzer as claimed in claim 1, wherein the
second voltage source is arranged and adapted to apply one or
more transient DC voltages or one or more DC voltage wave-
forms to at least some of said electrodes.

6. A mass analyzer as claimed in claim 5, wherein in use the
second voltage source is further arranged and adapted to
translate a plurality of axial DC potential hills, barriers or
wells along the length of said ion guide or progressively apply
a plurality of transient DC voltages to electrodes along the
axial length of said ion guide.

7. A mass analyzer as claimed in claim 5, further compris-
ing first means arranged and adapted to vary an amplitude,
height or depth of said one or more transient DC voltages or
said one or more DC voltage waveforms.

8. A mass analyzer as claimed in claim 7, further compris-
ing second means arranged and adapted to vary a velocity or
rate at which said one or more transient DC voltages or said
one or more DC voltage waveforms are applied to said elec-
trodes.

9. A method of mass analyzing ions with an ion guide
including a plurality of electrodes comprising:

creating one or more axial time averaged or pseudo-poten-
tial barriers, corrugations or wells along at least a portion
of an axial length of said ion guide; and

driving ions through at least a portion of the axial length of
said ion guide so that ions having mass to charge ratios
within a first range axially exit said ion guide whilst ions
having mass to charge ratios within a second range are
axially confined within said ion guide.

10. A mass analyzer as claimed in claim 1, wherein the
second voltage source is a DC voltage source arranged and
adapted to generate a DC electric field, DC voltage, or DC
waveform along said at least a portion of the guide so that in
said mode of operation said ions having mass to charge ratios
within said first range exit said ion guide axially while said
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ions having mass to charge ratios within said second range are
axially confined within said ion guide.

11. A method as claimed in claim 9, wherein the step of
driving ions comprises applying a DC electric field, DC volt-
age, or DC waveform along at least a portion of the ion guide
so that said ions having mass to charge ratios within the first
range axially exit said ion guide whilst ions having mass to
charge ratios within said second range are axially confined
within said ion guide.

12. A mass spectrometer comprising a mass analyzer as
claimed in claim 1 and further comprising a quadrupole rod
set mass filter or analyser arranged downstream of the mass
analyser.

13. A mass spectrometer as claimed in claim 12, wherein
the quadrupole rod set mass filter or analyser is arranged and
adapted to vary its mass to charge ratio transmission window
in synchronism with the operation of the mass analyser.

14. A method of mass spectrometry comprising a method
as claimed in claim 9 and further comprising mass filtering or
mass analysing ions in a quadrupole rod set mass filter or
analyser arranged downstream of the mass analyser.

15. A method of mass spectrometry as claimed in claim 14,
comprising varying the mass to charge ratio transmission
window of the quadrupole rod set mass filter or analyser in
synchronism with the operation of the mass analyser.
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